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ABSTRACT

In current pharmaceutical and biotechnology industries with clinical applications,
an increased demand for flow control and cell manipulation on the micrometer scale has
emerged. Electrokinetic, magnetic and many other physics fields have been exploited to
meet this demand. However, due to the requirement for sophisticated micro-structures
and the interference of the increasing significance of many ‗trivial‘ physics properties
(surface potential, permittivity, etc.) at the smaller scale, most applications encounter
poor maneuverability and high operation/fabrication complexity issues. Very few
attempts have been made to bypass these requirements while maintaining the same
control and efficiency. This thesis research investigates the fundamental behaviors in
microfluidic particle transportation. Then, with a thorough comprehension of the
governing parameters and key effects, practical applications can be designed and
developed to resolve the aforementioned microfluidic technique issues of electrophoresis
and magnetophoresis.
This thesis consists of two main parts. In the first section, the basic manipulation
principle and subsequent applications in particle electrophoresis are discussed. Based on
an observed wall-induced particle deflection in a straight microchannel, this thesis
developed a method to three-dimensionally focus particle stream to the microchannel
center. This application only relied on the particle confinement with respect to the
microchannel; no particular external forces had to be exerted since this phenomenon was
self-developing along with the traveling in the lengthwise direction.
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The second half of this work shifted the focus to particle magnetophoresis in a
straight microchannel. An analytical model was built that solved the coupled magnetic
and flow field, confirmed the experimental observations and enabled predictions for other
plausible applications.
Following that, this work utilized this negative magnetophoretic deflection to
implement a diamagnetic particle focusing in a T-shaped microchannel. Particle
ferrofluid flow and axillary sheath flow moved within each half of the microchannel and,
the magnetophoretic deflection took effect inside the ferrofluid half where the particles
were focused on the interface between the two halves. This arrangement required only
one magnet with the help of the sheath flow to restrain the effective magnetophoretic
deflection, which tremendously reduced the fabrication complexity and extended the
channel-magnet distance to a smaller magnitude, therefore enhanced the throughput.
Lastly, the same T-shaped microchannel was proved to perform high efficient
particle separation. In addition to the negative magnetophoresis induced deflection for the
diamagnetic particle was applied, the ‗attraction‘ for the magnetic particle was present at
the same time due to the opposite reaction: positive magnetophoresis. Initially mixed
diamagnetic and magnetic particle sample were injected into the microchannel and, the
opposite responses to the magnetic field formed a continuous separation of these two
types at the end of the microchannel. Compared to the batch-mode MACS (magnetic cell
sorter), this method undoubtedly made an improvement in both the throughput and
operative difficulties.
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Both the electrophoretic and magnetophoretic applications were composed of
straight microchannels or sections with rectangular sections, which are the simplest and
the most typical structures in microfluidic devices. This tremendously reduced the
fabrication cost and complexity, while maintaining the same effectiveness and efficiency
in particle controls of the conventional methods, which also increase the feasibility of
massive production. In particular, the magnetophoretic applications helped to avoid the
magnets arrangement and low processing speed issues, and therefore provided a simple
but effective method for flow cytometry application.
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CHAPTER 1 :

INTRODUCTION

1.1. Aims and Motivation
With the emergence of microfluidics in the early 1980s, in response to the
progressively revolutionizing molecular biotechnology and clinical pathology disciplines,
more effort was made to conduct research on and employ miniaturized devices that
capture and control fluids at the sub-millimeter scale. For example, in the pharmaceutical
industry, researchers needed to find an effective way to increase the bioavailability and
stability for targeted drug delivery of medical particles of micrometer or even submicron
sizes. In the energy field, people can create effective fuel cells and biofuels with the
knowledge of microfluidics, specifically, they can capture and concentrate typical
photovoltaic cells to generate electricity from solar energy absorbed by these cells.
Microfluidics studies the fluids that are constrained to small volumes or require
low energy input. The use of these size-reduced chips to conduct biomedical research and
create clinically useful technologies has a number of significant advantages. First,
miniaturized size means low fluid volume consumption and faster processing speed,
which becomes critical when working with expensive or scarce reagents. Second, the
proven micro-fabrication technique greatly reduces the fabrication costs and raises the
feasibility for mass production. Third and last, these highly-integrated chip-sized devices
make portable multifunctional clinical services possible.
To date, numerous applications have been developed with the thriving
microfluidic technology. These technologies include inkjet printheads, DNA chips, labon-a-chip (LOC) technology, etc. Varieties of force fields have been demonstrated to
1

implement particle manipulations (e.g., focusing [1], trapping, concentration [2], separation
and sorting

[3], [4]

) in microfluidic devices, among which electric

[5], [6]

, acoustic

[7], [8]

,

magnetic [9], [10], and optical [11], [12] forces are most often employed. Practical applications
include the detection of hybridized DNA molecules

[ 13 ]

, separation of human breast

cancer cells from blood [14] and trapping of single HeLa cells [15].
However, in most microfluidic devices, the control principle always relies on the
field gradients inside the microchannels, such as the electric field gradients. Such field
gradients are generated by either embedded electrode arrays or curved, constricting, and
expanding microchannel geometries. Both methods require precise fabrication and
sufficient chip space, which significantly limit the feasibility of integration with other
functional sections onto a single chip. It is clear that current microfluidic designs and
controls need to be optimized towards simplicity and reduced size in order to attain the
original goal of being miniature, compact and cost-effective. Therefore, in this work the
first goal was to investigate the fundamentals of these microfluidic motions, including the
force origins, manipulation principles and the theoretical evaluation. Based on that, the
next goal was to develop effective particle manipulation applications that could realize
advanced particle controls with high precision and efficiency. The established methods
were used to resolve the fabrication and operation issues in conventional electrokinetic
and magnetic controls.
Typically, polystyrene particles are used as substitutes for biological cells in early
research stages, while real cells are used in successful applications. Polypropylene
particles are chosen for microfluidic experiment because they are similar to common cells
2

in size and physical properties (electric conductivity, magnetic susceptibility, etc.). The
nature and key parameters regarding electrophoresis and magnetophoresis are presented
below.

1.2. Background of Electrokinetic Phenomena
1.2.1. Electrical Double Layer
Most substances will obtain a surface electric charge when placed into or in
contact with fluid. In many cases, such surface charges come from ionization of the
surface group. If a surface contains acidic groups, their dissociation gives rise to a
negatively charged surface. If the liquid is a polar fluid, then the dipole molecules will
tend to be oriented in a specific direction at the interface and hence generate a potential
difference at the boundary[16]. In the case of microfluidic experiments, the microchannel
is fabricated most often with polydimethylsiloxane (PDMS) or other polymer materials,
and the micro-particles and cells used in experiments typically possess a dielectric
property compared to the electrolyte medium. In this fashion, the channel walls and
particle surfaces are instantly negatively charged when subjected to electrolyte medium.
The absorbed ions on the object surface form the first layer. These will stably reside on
the surface and produce a surface potential of a definite value termed zetal potential (),
and it is a material-related property.
On the other hand, the counter-ions in the surrounding medium are attracted by
the Coulomb force that generates a second layer to electrically screen the first layer. As
the counter-ions are attached loosed to the object surface, they are flushed away and
3

replaced with new counter-ions if there is relative motion between the object and
surrounding medium. More importantly, the counter-ion concentration decays rapidly as
the distance to the object surface increases then eventually vanishes to zero in the bulk
fluid region.

Fig. 1-1: Diagram of the ion distribution and the resulting electric double layer formed
near a solid surface.

Together, these two layers create the electrical double layer at the object surface,
which is a fundamental phenomenon that guarantees the electrokinetic motions in
microfluidics. Theoretically, the potential formed at the interface between these two
layers is named as zetal potential, ζ-potential. Usually, this potential has a fixed value
determined by the materials of the solid wall and electrolyte medium. The electric

4

potential ψ decays rapidly from ζ-potential to zero only a few nanometers away from the
solid surface.

1.2.2. Electroosmosis
When an electric field E is applied across the system, the excessive counter-ions
near the solid surface feel this field source and react towards the cathode terminal; a
phenomenon called electroosmosis. The electroosmotic velocity Ueo can be expressed
as[17]:

U eo = 

 fw   
1   E
f  w 

( Eq. 1-1 )

where εf and f are the permittivity and viscosity of the fluid medium, ζw is the zetal
potential on the electrical double layer (EDL) of the microchannel wall, E is the electric
field strength, and ψ is the electric potential at certain location within the microchannel.

Fig. 1-2: Illustration of the electroosmosis phenomenon close to the microchannel surface.

5

As the electrical potential ψ drops rapidly to zero with increasing distance to the
solid surface, the electrical potential in the bulk fluid region can be deemed as 0, and the
electroosmotic velocity Ueo in the bulk fluid region remains constant, which reduced to:

U eo = 

 fw
E
f

( Eq. 1-2 )

1.2.3. Electrophoresis
For the particle/cell suspended in the electrolyte medium, EDL also forms at its
surface area. Likewise, there will also be excessive counter-ions adjacent to the
particle/cell surface. When an external electric field E is applied, these counter-ions move
with an electroosmotic velocity expressed in Eq. 1-2.

Fig. 1-3: Illustration of the electrophoresis phenomenon close to the particle surface.

Meanwhile, the surface charges on the particle surface respond to the applied
electric field, moving the particle towards the opposite direction and such movement of a
6

charged surface relative to a stationary liquid is termed electrophoresis, a phenomenon
that directly determines particle motion. The electrophoretic velocity Uep can be
expressed as[17]:

U ep =

 f p
E
f

( Eq. 1-3 )

where ζp is the surface charge of the particle, E is the electric field strength, and εf and f
are the permittivity and viscosity of the medium. The actual electrokinetic particle motion
is a combined effect of the electroosmosis drag from surrounding counter-ions and the
electrophoresis motion of the particle itself.

1.2.4. Dielectrophoresis
Aside from the common electroosmotic and electrophoretic phenomena, another
important electrokinetic particle motion occurs when a particle electrolyte solution is
exposed to electric field gradients: dielectrophoresis (DEP). This phenomenon happens
when there is a difference in the permittivity ε between the particle and the surrounding
medium. Particularly, if the particle permittivity εp is several orders smaller than the
medium permittivity εf, then the particle can be deemed as dielectric, and the resulted
dielectrophoretic force for a spherical particle under a Direct Current (DC) electric field
can be given as[18]:

FDEP = 1 2   f a3 fCM  E E

( Eq. 1-4 )

where a is the particle diameter, and fCM is the Clausius–Mossotti (CM) factor, which
depends on the particle and the fluid medium materials. If fCM has a positive value, then
7

the dielectrophoretic force will direct the particle towards the field-increasing direction,
and

this

motion

is

called

positive

dielectrophoresis.

Similarly,

a

negative

dielectrophoretic force will direct the particle in the opposite direction and is termed
negative dielectrophoresis.

1.3. Background of Magnetic Phenomena
A magnetic field can be generated easily by permanent magnets or electric
currents because it is one of the most universal and abundant natural resources. Generally,
a modern neodymium (NdFeB) magnet provides remanent magnetization Mr ~ 1.0-1.4
(T), which measures the magnetization that a ferromagnetic material can generate alone.
While on the other hand, for electric current induced magnetic field, the strength and
energy depends on the magnitude of the electric current, thus requiring a large input for
the electric energy. Both were found to have great uses in industrial, medical, and clinical
practices as well as being highly useful for head actuators for computer hard disks,
magnetic resonance imaging (MRI), generator, etc.
Based on the response to magnetic field and the nature of the material, magnetic
behaviors can be categorized into three classes: ferromagnetic, paramagnetic and
diamagnetic. Ferromagnetic materials are the ones that can be strongly attracted to a
magnet and retain magnetization. Paramagnetic substances are weakly attracted to a
magnet and can be magnetized only if there is an external applied magnetic field applied,
they will lose their magnetization once the field source is removed. Diamagnetic objects
are often repelled by both poles of a magnet, as their susceptibility  is usually a negative
8

value or small enough to be considered negligible. The susceptibility is a dimensionless
number that measures the extent of magnetization M a material holds in response to an
applied magnetic field. The value varies from 1e−5 for ferromagnetic materials to -1e-10
for diamagnetic materials, in SI unit.

1.3.1. Magnetophoresis
Under the applied magnetic field H, a mixture of any two materials (usually in
aqueous solution) with different susceptibilities will give rise to the magnetophoresis
phenomenon. As the two materials own different abilities to maintain magnetization, the
material with the higher susceptibility will feel stronger attraction, and orient towards the
magnetic field source or the strongest field region. On the other hand, due to the relative
attraction motion of higher susceptibility material, the other material with lower
susceptibility will be repelled in displacement of the attracted material. Similar to the
dielectrophoresis in electrokinetic experiments, this magnetophoretic motion runs with
magnetic field gradients. The general magnetophoretic force for a particle is[58]:





Fm  Vp 0  M p  M f    H

( Eq. 1-5 )

where Vp is the volume of the particle, µ0 = 4107 H/m is the permeability of free space,
Mp and Mf are the effective magnetization of the particle and ferrofluid, respectively, and
H is the magnetic field at the particle center. The direction and magnitude of this
magnetic buoyancy force depend on the properties of the actual particle/cell solution
pairs.
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1.3.2. Positive Magnetophoresis
For cases where Mp values are larger than Mf values, the magnetophoretic force
in Eq. 1-5 will have a positive value referred to as positive magnetophoresis. For example,
if magnetic particles or cells with positive susceptibilities (red blood cells) are suspended
in diamagnetic solution (water), they will feel the attraction and move towards the
magnetic field source.

1.3.3. Negative Magnetophoresis
Contrarily, negative magnetophoresis accounts for cases where Mp values are
smaller than Mf values. For example, if diamagnetic particles or normal cells are
distributed into ferrofluids or paramagnetic salts, the particles/cells will be repelled from
the magnetic field source.

1.4. Structure of Thesis Work
In the next few chapters, this thesis studies the details of basic and advanced
particle manipulations using electrokinetic and magnetic approaches. Chapter 2
elaborates on the fundamental electrokinetic deflection of particles in electrophoresis
using wall-induced forces. Chapter 3 further implements the deflection into a threedimensional focusing of particles. Chapter 4 introduces the diamagnetic particle
deflection in ferrofluids and parametric study on the controlling effects. Next, Chapter 5
utilizes the magnetophoretic deflection with the aid of sheath flow to obtain a threedimensional particle focusing in a T-shaped microchannel. Finally, in Chapter 6 the same
10

T-shaped microchannel is shown to work in reverse direction to realize particle
separation in two different separation schemes. Each chapter presents the background and
working principles along with numerical simulation results as a validation for the
experimental data.
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CHAPTER 2 :

PARTICLE ELECTROPHORESIS IN STRAIGHT
MICROCHANNELS

2.1. Background on Electrophoretic deflection
Conventional electrophoretic deflection methods often utilize transverse
dielectrophoresis (DEP) to alter the relative position of the particle in microchannel width
or depth directions. However, it has long been ignored that the confined microchannel
regions can also provide transverse deflection forces for the particles. The fundamental
study of particle electrophoresis in confined microchannels is relevant to many
applications including gel electrophoresis[

19 ]

and microfluidic particle-handling

devices[20]. Owing to the spontaneous charging of most solid surfaces when brought into
contact with polar liquids like water

[16]

, the observed particle motion in electrophoresis

through microchannels is typically a combination, but not just a simple addition, of
particle electrophoresis and liquid electroosmosis[21].
There have been a number of theoretical and experimental papers investigating
the wall effects on particle electrophoretic motion in microchannels. These studies can be
coarsely divided into two groups. One group encompasses particle electrophoresis in a
straight uniform microchannel of, for example, slit, cylindrical, or rectangular shape
where the electric field distribution is uniform[ 22 - 26 ]. The other is on particle
electrophoresis in either a non-uniform[27-30] or a non-straight[31-34] microchannel where
electric field gradients are present. In the latter case, particle dielectrophoresis is usually
induced. However, such cross-stream motion has, been deemed absent in particle
electrophoresis through a straight uniform microchannel.
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In basic LOC devices, under the electrokinetic motion, the particle is usually
assumed to move along the electric field line, either along or against the electric field
direction, depending on which of these two opposite motions is dominant. Nevertheless,
its lateral position relative to the microchannel will not change due to the electric field
symmetry in the transverse direction, unless an additional force can be imposed or the
field symmetry can be broken in the transverse direction.
Recently, Yariv[35] demonstrated through a theoretical analysis that a particle will
drift away from a wall under an electric field acting parallel to the wall. This lateral
migration, which is superimposed onto the familiar particle electrophoretic motion
parallel to the wall, is induced by a non-zero electrical force resulting from the nonuniform electric field around the particle. A similar force was also considered by Young
and Li[36] in an earlier theoretical study to determine the equilibrium height of a colloidal
particle during electrophoretic motion above a planar wall. It was found that the gap
distance between the particle and the planar wall could be on the order of a few microns.
Due to the existence of the microchannel wall that breaks the field symmetry
around the particle, a near wall deflection is generated. This work investigated the wallinduced lateral migration in particle electrophoresis through a straight uniform
microchannel of rectangular shape and this data is presented in this chapter. From the
theoretical equations, an approximate analytical model is developed to study the effects
of the key control parameters.
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2.2. Experiment
2.2.1. Microchannel Fabrication
The microchannel was fabricated with polydimethylsiloxane (PDMS) using the
standard soft lithography method[37]. The details of the fabrication process are given in
APPENDICES. Fig. 2-1 shows a picture of the fabricated microchannel used for this
study. It consisted of an 8-mm long uniform section in the middle and a 1 mm long
diffuser at each end. So the overall length of this straight channel was 10 mm as indicated
in the figure. The entire channel owned a rectangular cross-section with a fixed depth of
25 µm. The channel width of the uniform section was 50 µm.

10 mm
8 mm
Reservoir

Reservoir

Fig. 2-1: Picture and dimensions of the rectangular microchannel used in the experiment.

2.2.2. Particle Manipulation
Spherical polystyrene particles (Sigma-Aldrich, St. Louis, MO) of two different
sizes, 5 µm and 10 µm in diameter, were used in our experiments. The original solution
was diluted with 1 mM phosphate buffer to a final concentration of about 107 particles
per mL for both sized particles. Tween 20 (Fisher Scientific, Hampton, NH) was added at
a volume ratio of 0.5% to the particle solutions for reducing the particle adhesions to
channel walls.
14

Electric field was generated by applying a DC voltage drop between the two
electrodes in contact with the solution in the reservoirs. The voltages of various
magnitudes were supplied by a DC power supply (Glassman High Voltage Inc., High
Bridge, NJ). Pressure-driven flow was eliminated by carefully balancing the liquid
heights in the two reservoirs prior to each measurement.

2.3. Theory
2.3.1. Deflecting Motion in Particle Electrophoresis
Consider a particle of radius a moving electrophoretically through a rectangular
microchannel of half width wc. The separation distance between the particle and the
closer sidewall is assumed to be , which in principle may vary from 0 (i.e., in touch with
the sidewall) to (wc  a) (i.e., along the channel centerline). Fig. 2-2 shows the electric
field lines and contours (the darker the larger) around the particle in the horizontal plane
of the channel. The computation was performed in COMSOL (Burlington, MA), which
will be explained later. Due to the difference in the electric conductivities of the particle
and the suspending fluid, electric field becomes non-uniform around the particle. In the
channel length direction (i.e., x direction in Fig. 2-2), the electric field distribution is
symmetric about the particle, leading to zero electrical force in the particle moving
direction.1 Therefore, the electrokinetic particle motion, UEK which is a combination of

1

Note that in the traditional analysis of particle electrophoresis in both bounded and unbounded flows, the
electrical force on the neutral system of particle and electrical double layer is assumed to be zero.
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particle electrophoresis and fluid electroosmosis as traditionally analyzed [16], [21], remains
unaffected.


2a

UEk

Fw

2wc

Uw

y

x
Fig. 2-2: Velocity analysis (in the horizontal plane) of a particle in electrophoretic motion
through a rectangular microchannel. The background shows the electric field contours
(the darker the larger) and electric field lines.

In the channel width direction (i.e., y direction in Fig. 2-2), the particle
experiences a net electrical force due to the asymmetric electric field around its two poles.
This wall-induced repulsive force

[28], [35], [36]

, Fw, causes a lateral particle migration

toward the channel center, denoted as Uw in Fig. 2-2. Such a lateral migration also takes
place in the channel depth direction. It is anticipated that neutrally buoyant particles in
electrophoresis should ultimately be traveling along the centerline of a sufficiently long
microchannel. In this work, the polystyrene particles were slightly heavier than the
suspending fluid and therefore should migrate vertically to an equilibrium position below
the channel axis.
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2.3.2. Simulation of Particle Trajectory
In simulating the particle trajectory, the following assumptions have been made:
(1) particles and channel walls are non-conducting; (2) fluid properties remain uniform
throughout the channel; (3) the streamwise electrokinetic motion of particles, UEK, is
insensitive to the particle-wall separation distance ; (4) Reynolds number is very small,
and so inertia is negligible; (5) the rotation of a particle does not affect its translation; and
(6) particle-particle interaction is negligible.
The instantaneous position of the center of a particle, rp, is obtained by integrating
the particle velocity, Up, with respect to time, t,
rp = r0 +  U p  t' dt'
t

( Eq. 2-1 )

0

where r0 is the initial position of the particle center and was assumed to be (0, a) in the
calculation. In the x direction, the electrokinetic particle velocity is known to vary with
the particle-wall separation distance

[21]

. However, this variation is generally very small

unless the particle is nearly in contact with the wall or closely fitting the channel [24], [31],
[39], [40]

. The former condition is not fulfilled in this work as particles are unable to

approach the channel sidewall in close proximity due to the wall-induced repulsive force,
Fw (Fig. 2-2). The condition of closely fitting particles is not applicable in this work
because the sizes of the two particles (5 and 10 m in diameter) are both much smaller
than the width of the microchannel (50 m). Therefore, the streamwise electrokinetic
velocity, UEK, is assumed insensitive to the particle-wall separation distance in this
approximate analytical model, which is also confirmed by the present and previous
experiments[38]. Thus, Eq. 2-1 is reduced to
17

x p  Ek Et

( Eq. 2-2 )

where Ek is the electrokinetic particle mobility and E is the externally applied electric
field in the uniform channel section.
In the y direction, Eq. 2-2 is rewritten as
y p    a   U w  t 'dt '
t

( Eq. 2-3 )

0

where the lateral particle migration velocity, Uw, can be obtained by balancing the wallinduced electrical force, Fw, with the Stokes drag force. The magnitude of this electrical
force, Fw, can be determined by integrating the Maxwell stress tensor over the particle
surface. Here, the analytical expression provided by Yariv [35] is adapted to account for
the net force arising from the two sidewalls,
4
4
 
3  a  
a
2 2

Fw 
  f a E
 
16    a   2wv    a  



( Eq. 2-4 )

where εf is the fluid permittivity. Thus, the lateral particle migration velocity can be
obtained as
4
 a  4 
 
a
Uw 
aE 
 
 
32 μ f
   a   2wv    a  

f

2

( Eq. 2-5 )

where µf is the dynamic viscosity of the suspending fluid. In deriving Eq. (5), the Stokes
drag coefficient was assumed constant for simplicity, which admittedly breaks down
when particles move in close proximity to a channel wall [41]. Apparently Uw increases
with the particle size and the applied electric field, but decays rapidly with the increase of
the particle-wall separation distance, . Additionally it is important to note that the
dielectrophoresis-resembled force, Fw, is different from the electrical double layer
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interaction between the particle and the wall. The latter force occurs only when  is in
the order of nm[39].
The simulation of particle trajectory was carried out in Matlab® using Eq. 2-3 and
Eq. 2-4. The obtained lateral particle position, yp, at a given location, xp, of the channel
length was then used to calculate the half width, wp, of the particle stream,
wp  wc  y p  a  wc  

( Eq. 2-6 )

.

Note that wp is assumed to be equal to the half channel width, wc, at t = 0. The predicted
particle stream width, 2wp, is compared with the width of the experimentally recorded
particle streaks.
Three parameters were needed in the simulation. First, the electric field in the
uniform section of the microchannel in the absence of particles was computed from a 2D
model in COMSOL, which considered the full size of the channel and reservoirs. For
example, a 300 V DC voltage drop imposed across the channel length produces an
electric field of 34.9 kV/m in the uniform section. Second, the electrokinetic particle
mobility, EK, was determined by dividing the measured particle velocity in the uniform
channel section at an electric field of 34.9 kV/m. This relative small field ensures Joule
heating effects were negligible in the 50 m-wide channel during the measurement[40].
The obtained EK is 2.7×108 m2/(Vs) for both 5 and 10 m particles used in the
experiment. Third, the properties of the suspending fluid were assumed to be identical to
those of water at 20 C, which include the dynamic viscosity, μf = 0.9103 kg/(ms) and
permittivity, f = 6.91010 C/(Vm).
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2.4. Results and Discussion
2.4.1. Effect of Axial Travelling Distance
Fig. 2-3 shows how the stream width, 2wp, of 5 µm particles varies with the axial
travelling distance, xp, during electrophoresis in the uniform section of the straight
microchannel. The experimental data (symbols) were obtained by measuring the width of
the particle stream in the superimposed images (see the insets and the labeled dimension
2wp). Considering the possible error of ±1 pixels in reading the edges of the particle
stream, an error bar of ±3.5 µm was added to the experimental data. Due to the wallinduced lateral migration, particles were observed to migrate toward the channel center,
leading to a gradually decreased stream width along the channel length. At the entrance
of the uniform section (i.e., xp = 0 in Fig. 2-3, see also the highlight in the inset), the
particles appear uniformly distributed forming channel wide stream (i.e., 50 µm). The
width of this stream quickly drops to less than 40 µm within the first 1 mm, and then
decreases slowly to about 26 µm in the next 7 mm. These varied decreasing trends arise
from the fourth-power dependence of the electrical force, i.e., Fw in Eq. 2-4, on the
particle-wall separation distance, which are correctly predicted by the analytical model
(solid line) in Fig. 2-3. However, the model under-predicts the lateral particle migration
due to the approximate treatment of Fw.
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Particle stream width, 2wp (mm)
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Particle axial position in the uniform channel section, x p (mm)

Fig. 2-3: Variation of the stream width, 2wp (see the labeled dimension in the inset), of 5
m particles with the axial travelling distance in the uniform section of the microchannel
under an electric field of 34.9 kV/m. Symbols (with error bars) represent the
experimental data while the solid line illustrates the numerically predicted results. The
four insets show the superimposed particle images at the entrance, exit, and two
intermediate regions of the uniform channel section, respectively. The scale bar
represents 100 m.

2.4.2. Effect of Electric Field
Fig. 2-4 shows the images (left: snapshot; right: superimposed) of 5 m particles
recorded at the exit region of the uniform channel section under different electric fields:
(b) 11.6 kV/m, (c) 34.9 kV/m, and (d) 58.2 kV/m. The particle images at the entrance
region (Fig. 2-4a) are also included for a clear comparison, which remain nearly the same
when the electric field is varied. Obviously increasing the field magnitude enhances the
lateral particle migration. This is expected because the width of the particle stream is
determined by the ratio of the distance the particle moves laterally to the distance the
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particle moves longitudinally, which can be expressed as the ratio of the lateral migration
velocity of the particle to the streamwise electrokinetic velocity,

Uw
U EK

4
 a  4 
 
a
 f 
 
 
 a     2wc  a     aE

32 μ f
μEK

( Eq. 2-7 )

Since the electrokinetic particle mobility, EK, is in general not dependent on the
applied electric field, the above velocity ratio increases linearly with electric field,
yielding a thinner particle stream along the channel axis as demonstrated in Fig. 2-4.

(a)

(b)

(c)

(d)

100 m

Fig. 2-4: Snapshot (left column) and superimposed (right column) images of 5 m
particles moving at the entrance (a) and exit (b-d) regions of the uniform section of the
straight microchannel. The electric fields in (b), (c), (d) are 11.6 kV/m, 34.9 kV/m and
58.2 kV/m, respectively.

The experimentally measured stream widths of 5 m particles (triangular symbols
with error bars) at the exit of the uniform channel section are compared with the
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numerically obtained values (the longer solid line) in Fig. 2-5 for a range of electric fields.
While it correctly predicts the decreasing trend of the particle stream width with respect
to electric field, the model seems to under-predict the lateral particle migration, especially
significant at large electric fields. This discrepancy is believed to be the consequence of
the approximation of the wall-induced electrical force and the neglect of particle-particle
interactions in our model as these two forces both increase with growing electric field.

2.4.3. Effect of Particle Size

5 m particles
5 m

10 m particles
10 m

Fig. 2-5: Electric field and particle size effects on the particle stream width at the exit of
the uniform section of the microchannel. Symbols (with error bars) represent the
experimental data while solid lines are numerically predicted results. The two insets
display the superimposed images of 5 and 10 m particles under the electric field of 34.9
kV/m. The scale bar represents 100 m.

Fig. 2-5 also illustrates the experimentally (square symbols with error bars) and
numerically (the shorter solid line) obtained stream widths of 10 m particles at the exit
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of the uniform channel section at various electric fields. Compared to that of 5 m
particles, the lateral migration of 10 m particles is much more apparent (see the two
inset images in Fig. 2-5). This observation correlates well with the prediction of Eq. 2-7.
As the measured electrokinetic mobilities of the two particles are roughly identical, the
velocity ratio, Uw/UEK, of 10 m particles is certainly larger than that of 5 m particles.
At the electric field of 10 kV/m, the lateral migration can already focus 10 m particles
from a 50 m wide stream at the entrance to a stream of 21 m wide at the exit of the
uniform section. When the electric field increases to 34.9 kV/m, 10 m particles can only
migrate in a single file because the measured particle stream width is decreased to about
15 m. This focusing phenomenon in particle electrophoresis, which will become more
pronounced in a longer microchannel as evidenced in Fig. 2-3, might be potentially used
in microfluidic flow cytometry[ 41],[42 ],[43 ]. In addition, similar to what was discussed
earlier for 5 m particles, the numerical model also under-predicts the lateral migration
of 10 m particles.
It was suspected that under actual experimental conditions, particles also
experience top and bottom wall-induced forces, especially when the particles were close
or in contact with these walls. It is not simply a two-dimensional force combination in the
channel width direction. However, the analytical force expression was based on the
assumption that the particle is in vicinity of an infinite wall, which in this case the aspect
ratio for channel cross section is only 2:1 and, the particle motion was greatly affected by
the top and bottom wall. This became the main reason that analytical prediction always
under-predict the particle deflections.
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2.5. Conclusions
Similar but still different to the dielectrophoresis, the wall-induced repulsive force
acts on the particle as the electric field symmetry is broken by the existence of the
bounded surface, which creates non-uniform electric field around the particle in the
transverse direction. This wall-induced cross-stream motion has been observed to
gradually focus 5 and 10 m-diameter polystyrene particles to a stream flowing in the
center region of a 50 m-wide rectangular microchannel. The fundamental study shows
that the width of the particle stream at the channel exit decreases with the increase in
either particle size or electric field. The measured values of the stream width are in
reasonable agreement with the predictions of an approximate analytical model. It is
envisioned that the lateral particle migration in microchannel electrophoresis may be
utilized to implement a three-dimensional focusing of cells for the application of
microflow cytometry.
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CHAPTER 3 :

THREE-DIMENSIONAL PARTICLE FOCUSING IN
ELECTROPHORESIS

3.1. Background on Electrokinetic Focusing
It was found that particle motion in a bounded region would experience a
repulsive force from the solid surface. The observed result is that particles in
electrophoresis through a straight rectangular microchannel migrated toward the
centerline in the horizontal plane. This effect grew stronger with an increasing particle
size or increasing electric field strength, especially when the particle was close to the
microchannel wall. Moreover, the suspended particle not only feels the wall-induced
repulsion from the two side walls, but also the same influences from the top and bottom
walls when the field symmetries are broken in the depth direction. Therefore, by utilizing
the repulsive forces in both channel width and depth directions, three-dimensional
particle focusing can be realized in a rectangular microchannel.
Focusing particles into a tight stream is usually a necessary step prior to counting,
detecting, and sorting [1]. As traditionally defined, particles can be focused in either twodimension (normally horizontal direction) or three-dimension (both horizontal and
vertical directions). A two-dimensional focusing is usually sufficient for continuous-flow
particle sorters

[3]

. For the application to flow cytometers, however, three dimensional

focusing is necessary to enhance the electrical or optical detection

[44], [45], [46]

. It can also

suppress particle adhesions to microchannel walls.
A variety of particle focusing methods have been developed in microfluidic
devices. These methods can be categorized into the two genres of active and passive
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particle focusing. Active particle focusing often requires expensive peripheral
instruments and/or complex channel designs, such as the elliptic-like and planar electrode
arrays used by Yu et al.

[47]

and Chu et al.

[48]

, respectively. Passive technique, on the

other hand, provides multiple alternatives but is still deficient in some respects. For
example, insulator-based dielectrophoresis (iDEP) has been demonstrated to pump and
focus particles concurrently [33] but this is prone to fouling due to surface impurity [49] and
Joule heating

[ 50 ], [ 51 ]

. Additionally, curvature-induced dielectrophoresis (C-iDEP)

recently developed a passive electrokinetic method to focus particles in serpentine [33] and
spiral

[34]

microchannels. However, this method provides only a two-dimensional

focusing in the width direction of long microchannels. Aside from the above focusing
methods, the wall-induced repulsion introduced in previous chapter may provide a simple
but effective three-dimensional particle focusing.

3.2. Experiment
The microchannel used was 2 cm long with a uniform cross-section of 50×50 µm.
It was fabricated with polydimethylsiloxane (PDMS) using the standard soft lithography
method. In these experiments, polystyrene particles of 5 and 10µm in diameter (SigmaAldrich) were re-suspended in a solution with neutral buoyancy to a concentration of
about 107 particles per mL. The solution was made by mixing 1 mM phosphate buffer
and glycerol at a volume ratio of 7.8:2.2 [52] to achieve a mass density that matches that of
the particles. The particle transport was driven by a DC electric field supplied by a power
supply (Glassman High Voltage Inc., High Bridge, NJ), and visualized with a CCD
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camera (Nikon DS-Qi1Mc) through an inverted microscope (Nikon TE2000U, Nikon
Instruments, Lewisville, TX).

3.3. Theory
The finite-size particle distorts the electric field lines, resulting in electric field
gradients formed (see the field contour over the channel cross-section in Fig. 3-1). The
presence of the channel walls break the symmetry of the field gradients, which yields an
electrical force, Fw, pointing away from the nearby walls

[35], [36]

. As a consequence,

particles of neutral buoyancy ultimately are pushed toward the center of the channel
cross-section, forming a three-dimensionally focused stream along the channel axis. The
effectiveness of this electrokinetic focusing is determined by the ratio of the distance the
particle moves laterally to the distance it travels longitudinally. Equivalently this focusing
depends on the ratio of the Fw-induced velocity to electrokinetic particle velocity and the
ratio of channel length to width (or the hydraulic diameter). The dielectrophoresisresembled force, Fw, decays rapidly when the particle is away from the channel wall(s),
but increases quadratically with both particle size and applied electric field

[35], [36]

.

Therefore, the induced lateral particle migration is proportional to the particle size and
the electric field squared. In contrast, the electrokinetic particle velocity is a linear
function of the electric field

[21]

while insensitive to the particle size unless the particle

closely fits the channel [40]. Hence, increasing the electric field and/or particle size should
in principle enhance the wall-induced electrokinetic particle focusing.
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Side Wall
Bottom Wall
Fig. 3-1: The non-uniform electric field around a particle (indicated by the background
contour that was obtained from COMSOL, the darker the larger) generates an electrical
force, Fw, pushing the particle away from the nearby walls to the center of the channel
cross-section.

3.4. Results and Discussion
Fig. 3-2 shows the snapshot top-view images of 10 m particles flowing through
the inlet (a), middle (b), and outlet (c) of the rectangular microchannel. The applied DC
voltage drop across the 2-cm long channel was 400 V, producing a 23.3 kV/m electric
field. The focal plane of the microscope objective was positioned approximately to the
middle of the channel depth. At the channel inlet, both off-centered (in the horizontal or
channel width direction, highlighted with squares for clarity) and defocused (in the
vertical or channel depth direction, highlighted with circles for clarity) particles are
shown in Fig. 3-2a. This is attributed to the uniform spreading of neutrally buoyant
particles in the upstream reservoir. When particles travelled through half of the channel
length, defocused particles are observed infrequently (Fig. 3-2b) and most are moving in
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a narrow region about the channel centerline. Further, in Fig. 3-2c neither off-centered
nor defocused particles are seen, indicating that three-dimensional particle focusing
formed at the channel outlet. This trend demonstrates that the autonomous focusing of
particles in electrophoresis through a rectangular microchannel increases with channel
length.

(a)

(b)

100 m

(c)

Fig. 3-2: Snapshot top-view images of 10 m particles moving through the inlet (a),
middle (b), and outlet (c) of a rectangular microchannel at the electric field of 23.3 kV/m.
For clarity the off-centered and defocused particles in (a) and (b) are highlighted with
boxes and circles, respectively. The flow direction is from left to right.

Fig. 3-3 compares the snapshot images of 5 m particles at the outlet of the
rectangular microchannel under different electric fields. The particle image at the channel
inlet is also included in Fig. 3-3a for a clear comparison, where, once again, both off30

centered (highlighted with squares for clarity) and defocused (highlighted with circles for
clarity) particles are present. As expected, electrokinetic particle focusing is enhanced
with the rise of the electric field. Specifically, at the 11.6 kV/m electric field, many
particles are still off-centered and defocused at the channel outlet while at a lesser extent
than at the inlet. This is identified from the clear edges of most particles in Fig. 3-3b.
When the electric field is increased to 34.9 kV/m, an apparently better focusing is
obtained in the channel width (or horizontal) direction because much less off-centered
particles are observed (Fig. 3-3c). However, the improvement in the vertical particle
focusing is not as evident as in the horizontal focusing due to the limited depth of focus
of the optical microscope. As the electric field further increases to 58.2 kV/m, a tightly
focused particle stream is observed along the channel centerline (Fig. 3-3d) where few
defocused particles are present.
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(a)

(b)

(c)

100 m
(d)

Fig. 3-3: Snapshot top-view images showing the electric field effect on the threedimensional focusing of 5 m particles at the outlet of a rectangular microchannel: (b)
11.6 kV/m, (c) 34.9 kV/m, and (d) 58.2 kV/m. The particle image at the channel inlet is
shown in (a). For clarity the off-centered and defocused particles are highlighted with
squares and circles, respectively. The flow direction is from left to right.

Fig. 3-4 compares the widths of the focused 5 and 10 m particle streams at the
channel outlet with respect to the applied electric field. The data points (symbols,
averaged over three measurements for each size of particles) were obtained by measuring
the widths of the particle trajectories in the superimposed images (see the inset sample
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images in Fig. 3-4. Apparently, 10 m particles gain a better focusing than 5 m particles,
where the measured stream width of the former is on-average 30% smaller for the range
of an 11.6 to 34.9 kV/m electric field. This is because 10 m particles experience a larger
wall-induced lateral velocity than 5 m particles while their electrokinetic velocities are
nearly identical. The measured electrokinetic mobility (i.e., electrokinetic velocity per
unit field) is about 1.1×108 m2/(Vs). In addition, similar to what was seen in Fig. 3-3,
increasing the electric field leads to a reduction of the stream width for both sizes of
particles.

5 µm particles

10 µm particles

Fig. 3-4: Electric field and particle size effects on the width of the focused particle stream
at the outlet of a rectangular microchannel. The lines are used solely to guide the eyes.
The two insets display the superimposed images at the 34.9 kV/m electric field.

3.5. Conclusions
In summary, the wall-induced deflection was determined to provide a threedimensional electrokinetic focusing of particles in a straight rectangular microchannel.
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Due to the wall-induced electric repulsion force, neutrally buoyant particles in
electrophoresis were observed to migrate toward and travel along the channel axis. This
cytometric application prevents the vertical particle deposition and adhesions to the
channel wall. Non-neutral particles are anticipated to flow in a focused stream near the
top or bottom wall, onto which sensing electrodes may be fabricated for improved
electrical detections

[ 53 ]

. Such autonomous particle focusing in a rectangular

microchannel may potentially be used in microflow cytometry.
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CHAPTER 4 :

PARTICLE MAGNETOPHORESIS IN STRAIGHT
MICROCHANNELS

4.1. Background on Magnetic manipulation
Magnetic field-induced particle control via permanent magnets is accepted as the
simplest and cheapest manipulation method. Compared to the electrokinetic method
demonstrated in the previous chapters, the magnetic method does not bring the field
source (permanent magnets) into contact with the fluids, and it is thus free of heating, pH
value and ionic concentration issues that accompany electrokinetic techniques. In
common magnetic techniques, a neodymium (NdFeB) magnet is sufficient to provide a
strong magnetic field. Such a magnet is typically so small that it can be embedded inside
the PDMS material and reduces the cost by a few dollars.
This method is based on magnetophoresis that directs particles either along or
against the magnetic field gradient. In the former, magnetic particles suspended in
nonmagnetic solutions experience positive magnetophoresis and are attracted towards the
highest magnetic region

[ 54 ]

. While in negative magnetophoresis, the diamagnetic

particles, which cover the majority of synthetic and biological particles suspended in
magnetic solutions, are repelled from the magnet due to the magnetic buoyancy force [55].
Two types of magnetic solutions have been used for this purpose and they are
paramagnetic salts and ferrofluids. Common paramagnetic solutions such as MnCl 2 and
GdCl3 have a weak magnetic susceptibility[ 56 ] and these rely on either high salt
concentration or strong magnet(s) (e.g., a superconducting magnet[ 57 ]) to enhance
magnetic effect. While high salt concentration renders the paramagnetic solution non35

biocompatible[ 58 ] and the magnet(s) must be brought very close to the suspended
diamagnetic particles[ 59 ] to generate large magnetic field gradients, either of these
requirements greatly increases the difficulty for magnetic particle manipulation within
on-chip planar microchannels.
Alternatively, ferrofluids are opaque colloidal suspensions of magnetic
nanoparticles (made of magnetite, Fe3O4, and usually of 10 nm in diameter) in pure water
or organic oil with surfactants coating to prevent agglomerations [60]. They usually have a
magnetic susceptibility that is several orders of magnitude larger than paramagnetic
solutions. Therefore, regular permanent and electric magnets normally suffice to induce
negative magnetophoresis for manipulating diamagnetic particles of varying sizes[61],[62].
In this chapter, a comprehensive study of diamagnetic particle motion in
ferrofluid microchannel flows in a rectangular straight microchannel is presented. The
deflection motion provides the fundamental knowledge on particle transport in negative
magnetophoresis and prepares preconditions for particle focusing. The particle transport
is investigated in both the horizontal and vertical planes of a rectangular microchannel
that demonstrates a three-dimensional particle deflection due to the induced negative
magnetophoresis. This chapter also presents a three-dimensional analytical model
developed to understand the observed particle behavior in ferrofluid flows, which is
validated by the acquired experimental results.
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4.2. Experiment
4.2.1. Microchannel Fabrication
Fig. 4-1a shows a picture of the microfluidic device used in this experiment. The
straight microchannel (filled with the black-brown ferrofluid) is 2 cm long, 200 µm wide
and 70 µm deep. The microchannel was fabricated with PDMS using the standard soft
lithography method. Prior to dispensing liquid PDMS over the channel master, a prism
was positioned 500 µm away from the edge of the microchannel to achieve the side-view
imaging and was fixed to the substrate using a sticky tape. The cured PDMS along with
the embedded prism was then carved out and bonded to a glass slide forming the
microfluidic chip. In the half of the chip without the prism, part of the PDMS was cut out
wherein a neodymium (NdFeB) permanent magnet (B221, K&J Magnetics, Inc.
Plumsteadville, PA) was placed with its bottom surface in contact with the glass slide.
The distance between the magnet and the microchannel can be varied during the
experiment. The magnet has a dimension of 1/8"1/8"1/16" thick, and is magnetized
through thickness that is perpendicular to the microchannel or the flow direction in the
experiment.
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Fig. 4-1: Picture of the microfluidic device used in the experiment (a), and schematic of
the magnet-microchannel system with coordinates and dimensions indicated (b). The
coordinate system originates from the center of the permanent magnet whose
magnetization direction is in line with coordinate z.

4.2.2. Preparation of Particle Suspensions
EMG 408 ferrofluid was purchased from Ferrotec Corp (Santa Clara, CA). It
contains 1.2% magnetic nanoparticles in volume with a reported viscosity of 1.2103
kg/m/s[63], and has a saturation magnetization of 5252 A/m (corresponding to 6.6 mT as
per the manufacturer). Green fluorescent polystyrene particles of 2.2 µm, 5 µm and 10
µm in diameters were obtained from Duke Scientiﬁc Corp. They are all packaged as 1%
solids in water with size non-uniformity being less than 5%. Each type of these
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diamagnetic micro-particles was re-suspended in either the original or a diluted ferrofluid
to a final concentration of about 1106 particles/ml. The 0.5 (i.e., 0.6% magnetic
nanoparticles in volume) and 0.25 (i.e., 0.3% vol.) dilutions were made by mixing the
original ferrofluid with the same and the triple volume of de-ionized water, respectively.
The suspension of 5 µm particles in 0.5 ferrofluid was used as a reference solution for
the experiment.

4.2.3. Particle Manipulation
The particle suspensions in ferrofluids were driven through the microchannel by
an infusion syringe pump (NE-300, New Era Pump Systems, Inc., NY). Teflon tubing
(1622L, Upchurch Scientific) was used to connect the pump to the channel and transfer
the solution out of the channel.

4.3. Theory
4.3.1. Magnetic Force
The magnetic ―buoyancy‖ force, Fm, on a diamagnetic particle suspended in a
magnetic fluid is given by [10],[64]

Fm  Vp 0  M f   H

( Eq. 4-1 )

where Vp is the volume of the particle, µ0 = 4107 H/m is the permeability of free space,
Mf is the effective magnetization of the ferrofluid that is typically orders of magnitude
larger than that of diamagnetic particles, and H is the magnetic field at the particle center.
Note that Eq. 4-1 is valid only when the variation of the applied magnetic field over the
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particle volume can be neglected. This assumption is fulfilled in the current work as the
permanent magnet is distant from the microchannel and the particles are small in size.
The former fact also enables us to neglect the influence of the magnetic field on the
concentration of magnetic nanoparticles in the ferrofluid, i.e., the volume fraction of
nanoparticles, , is assumed homogeneous in the following analysis.
The magnetization of ferrofluids, Mf, is collinear with the static magnetic field, H,
produced by a permanent magnet, and its magnitude, Mf, can be determined using the
Langevin function, L(), if the volume fraction of magnetic nanoparticles, , is low[65],

Mf

Md


 L    coth   

1

( Eq. 4-2 )



0 M d Hd 3 M f

( Eq. 4-3 )

6k BT

where Md = 4.379105 A/m is the saturation moment of the magnetic nanoparticles as
calculated from the manufacturer-provided saturation magnetization of the ferrofluid,
Msat (= 5252 A/m for EMG 408 with  = 1.2%), through Md = Msat/. Other symbols in
Eq. 4-3 include H, the magnetic field magnitude, d, the average diameter of the magnetic
nanoparticles, kB, the Boltzmann constant, and T, the ferrofluid or particle temperature.
The components of Mf along the three directions, Mi (i = x, y, z), can be related to those
of H, i.e., Hi (i = x, y, z), through:
Mi  M f

Hi
H

( Eq. 4-4 )

Theoretically the ferrofluid (and the diamagnetic micro-particles as well) should
disturb the external magnetic field due to its dissimilar permeability from free space.
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However, this perturbation is essentially small for dilute ferrofluids. Therefore, this work
can employ Furlani‘s analytical model[66] to determine the three-dimensional magnetic
field, H = (Hx, Hy, Hz), of a rectangular magnet whose magnetization direction is in line
with z coordinate,
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where Ms = 1.05106 A/m is the residual magnetization of the permanent magnet as
calculated from the residual magnetic flux density, Bs (= 1.32 T as per the manufacturer)
through Ms = Bs/µ0. Other symbols involved in the magnetic field equations are x1 = xm,
x2 = xm, y1 = ym, y2 = ym, z1 = zm, and z2 = zm where xm, ym and zm represent one half of
the dimensions of the magnet in the x, y, and z directions, respectively. The coordinates
and dimensions for the magnet-microchannel system are illustrated in Fig. 4-1b. Note that
the coordinate system originates from the magnet center.
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4.3.2. Deflecting Motion in Particle Magnetophoresis
The presence of the negative sign in Eq. 4-1 indicates that the magnetic force, Fm,
directs diamagnetic particles in ferrofluids along the direction of the decreasing magnetic
field. Using Eq. 4-5, Eq. 4-6 and Eq. 4-7, this work determined the magnetic field
distribution with the channel for the current magnet-microchannel system (see Fig. 4-1).
Table 1 summarizes the parameters used in the calculation. Fig. 4-2 shows the magnetic
field contours in the horizontal plane at y = hc/2 with hc the microchannel height (left plot)
and the vertical plane at x = 0 (right plot) of the microchannel (see Fig. 4-1b for the
coordinates). It is evident that the permanent magnet generates magnetic field gradients
in all three directions. Specifically in the horizontal plane (i.e., x-z plane, left),
diamagnetic particles should be deviated from the x-direction ferrofluid flow and
deflected along the positive z direction toward the channel sidewall that is farther from
the magnet. Meanwhile in the vertical plane (i.e., y-z plane, right), the particles should
also be deflected along the negative y direction toward the bottom channel wall, i.e.,
downwards from the magnet center. These two phenomena are schematically illustrated
in Fig. 4-2 via the force analysis on a single particle, where Fs denote the Stokes drag
force.
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Fig. 4-2: Force analyses on a diamagnetic particle in ferrofluid field flow in the
horizontal (left, partial view) and vertical (right, i.e., the channel cross-sectional view)
planes of the microchannel. The background shows the contour of magnetic field strength
in the absence of the diamagnetic particle. The microchannel and magnet are not drawn
to scale.
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Table 1: List of the parameters used in the analytical model. Some of the parameters are
varied in the experiment, and their specific values are referred in the text.

Parameter

Description
Value
Unit
6
Ms Residual magnetization
A/m
1.0510
xm Half length
3.175
mm
ym Half height
3.175
mm
Magnet
zm Half thickness
1.588
mm
Distance
between
the
1.33
mm
L
magnet and the channel edge
Volume fraction of magnetic
1.20% for original
 nanoparticles
Saturation
moment
of
Md
A/m
4.379105
magnetic nanoparticles
Ferrofluid
Mean diameter of magnetic
d
10
Nm
nanoparticles
1.210-3 for original Kg/m/s
 Dynamic viscosity
Diamagnetic
Three sizes used: 1.1,
a Particle radius
µm
particles
2.5 and 5
wc Channel width
200
µm
Microchannel hc Channel Height
70
µm
Q Volume flow rate
480
µL/hr

The above analysis is also supported by the axial distribution of the magnetic
force, Fm, on a 5 µm diamagnetic particle along the channel centerline as demonstrated in
Fig. 4-3. Other parameters involved in the calculation are summarized in Table. 1. The zcomponent force, Fm,z, and the y-component force, Fm,y, acquire a positive and negative
value, respectively, within ~3 mm distance before and after the magnet (i.e., 5 mm < x <
+5 mm). They both reach the extreme when the particle is on the center-plane of the
magnet, i.e., x = 0. Similarly, the x-component magnetic force, Fm,x, also obtains a nonzero value in the same range of x. It, however, varies from negative (which hinders the
particle motion) in the upstream half of the magnet to positive (which propels the particle)
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in the downstream half. The ultimate consequence of these negative magnetophoretic
motions is a three-dimensionally focused particle stream flowing near the outer bottom
corner of the microchannel, the farthest place from the center of the magnet.

0

Fm,z

Fm,y

10

-2

5

-4
0
Fm,x

-5

-6

-10

-8

Magnet

-8

-6

-4

Fm,y (pN)

Fm,x and Fm,z (pN)

15

-2

0
x (mm)

2

4

6

8

Fig. 4-3: Axial variations of the three components of the magnetic force, Fm, along the
centerline of the microchannel. The location of the permanent magnet is highlighted in
the plot.

The magnetic deflection of diamagnetic particles in ferrofluid flows is determined
by the ratio of the particle velocities, Up, perpendicular and parallel to the flow,

deflectioni 

U p ,i
U p, x



U m ,i
U f  U m, x

 i  y, z 

where Uf is the axial flow velocity given by[67]
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( Eq. 4-8 )
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and where Q is the volume flow rate of the particle suspension through the microchannel
of width wc and height hc. The auxiliary coordinates y and z originate from the center of
the channel cross-section and are parallel to the y and z coordinates for the magnet (see
Fig. 4-1b), respectively. Note that Eq. 4-9 contains only the first two terms in the general
formula for simplicity, which is found to cause less than 1% error[63].
The magnetophoretic particle velocity, Um, in Eq. 4-8 can be obtained by
balancing the magnetic force, Fm, in Eq. 4-1 with the Stokes drag force (i.e., Fs in Fig.
4-2), yielding

Um 

2
Fm
   a 2 M d L   H
 0
6 af D
9 f D
H

( Eq. 4-10 )

where η is the dynamic viscosity of the ferrofluid, a is the radius of the spherical
diamagnetic particle, and fD is the drag coefficient accounting for the particle-wall
interactions[68]. Eq. 4-1 and Eq. 4-2 were used to obtain the term after the second equal
sign in Eq. 4-10. The fraction involving magnetic field is derived based on the fact that
the ferrofluid magnetization, Mf, is collinear with the static magnetic field, H. Therefore,
the diamagnetic particle deflection should increase with increasing ferrofluid
concentration, , and particle size, a. In addition, lowering the ferrofluid flow velocity (or
flow rate) should also enhance the particle deflection according to Eq. 4-8. As the width
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of the microchannel is nearly three times the depth, this work considers only the
retardation effects from the top or the bottom wall whichever is closer to the particle.
Moreover, for particle motions parallel (i.e., along the x- and z-directions, see Fig. 4-1b)
and normal (i.e., along the y-direction) to the top/bottom wall, this work uses a different
formulae for fD[41],

f D ,||

 9  a  1  a 3 45  a 4 1  a 5 
 1       
     
 16    8    256    16    

f D ,

 9  a  1  a 3 
 1       
 8    2    

1

( Eq. 4-11 )

1

( Eq. 4-12 )

where  is the smaller value of the separation distances from the particle center to the top
and the bottom channel walls, respectively.

4.3.3. Simulation of particle trajectory
Based on the above analysis, this work developed a 3D analytical model to
simulate the trajectory of diamagnetic particles in ferrofluid flows in response to
magnetic field gradients. The instantaneous position of a particle, rp, was obtained by
integrating the particle velocity over time, written as
rp = r0 +  U f  t'   U m  t' dt'
0
t

( Eq. 4-13 )

where r0 is the initial location of the particle, and t is the time coordinate. Note that both
the fluid velocity, Uf, and the magnetophoretic particle velocity, Um, are dependent on
position, and so vary with time during the particle migration. This work excluded the
contributions of gravity and inertia in the particle velocity in Eq. 4-13. As per the
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manufacturers, the mass densities of the original EMG 408 ferrofluid and the diamagnetic
particles are 1.07103 kg/m3 and 1.05103 kg/m3, respectively, which yields a net
gravity-buoyancy force of 1.28102 pN for 5 µm-diameter particles. This force is two
orders of magnitude smaller than the magnetic force illustrated in Fig. 4-3, and can cause
particle sedimentation at a speed of 0.27 µm/s at most. Hence, the gravity effects are not
considered. In addition, the largest flow rate in the experiment is 960 µL/hr, equivalent to
an average flow speed of 19.2 mm/s. Hence, the calculated particle Reynolds number is
only 0.024 for the biggest 10 µm-diameter particles used. This is at least 20 times smaller
than the value reported at which the cross-stream inertial particle motion is observed [68].
Therefore, particle inertia is also neglected in this analytical model.
A custom-written Matlab® program was used to determine the particle position, rp,
with respect to time and to plot the particle trajectory. In total, 2010 (in the form of
widthdepth) evenly distributed points were picked at the entrance of the microchannel
as the initial particle positions. The integral of particle velocity over time in Eq. 4-13 was
implemented by summing the products of the particle velocity and the time step length at
each time step. A sufficiently small time step (0.1 ms) was chosen to ensure the accuracy
of the computation. All parameters involved in the 3D model are listed in Table 1 unless
otherwise stated in the Results section.
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4.4. Results and Discussion
4.4.1. Confirmation of Three-dimensional Magnetic Deflection
To confirm the three-dimensional deflection of diamagnetic particles in ferrofluid
flows, this work examined the particle motions with and without a permanent magnet onchip in both the horizontal (i.e., top view, more accurately, bottom view through an
inverted microscope) and vertical (i.e., side view) planes of the microchannel. In the
experiment 5 µm particles were re-suspended in 0.5 EMG 408 ferrofluid (i.e., the
original ferrofluid was diluted to its half concentration with pure water). A permanent
magnet was either placed 2.2 mm away from the microchannel (L = 2.2 mm in Fig. 4-1b)
2 mm upstream of the prism or removed from the microfluidic chip.
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Fig. 4-4: Demonstration of the three-dimensional deflection of 5 µm diamagnetic
particles in 0.5 EMG 408 ferrofluid for the cases of without magnet (a1, b1) and with
magnet at the flow rate of 180 µL/hr (a2, b2, equivalent to an average flow speed of 3.6
m/s) and 45 µL/hr (a3, b3). The top, middle, and bottom rows in each panel demonstrate
the snapshot image, superimposed image, and theoretically predicted trajectories of 5 µm
particles, respectively.

Fig. 4-4 compares the experimentally obtained snapshot (top row) and
superimposed (middle row) images with the theoretically predicted particle trajectories
(bottom row) for both the top (a1-a3) and side (b1-b3) views. In the absence of the
magnet, particles simply follow the x-direction ferrofluid flow and cover the channel
cross-section uniformly for the flow rates tested. This is evidenced by the experimental
images in Fig. 4-4 (a1, b1), which are indicated by the predicted particle trajectories in
both view planes. However, when the magnet is on-chip, particles can only partially
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cover the width and depth of the channel due to magnetic deflection. Moreover, as
expected, this deflection decreases with increasing flow rate in both directions as
demonstrated in Fig. 4-4 (a2, a3, b2, b3). This work finds that with a flow rate of 180
µL/hr (equivalent to an average flow speed of 3.6 mm/s), particles deplete in the half of
the channel width [Fig. 4-4(a2)] and depth [Fig. 4-4(b2)] closer to the magnet center. In
contrast, particles are deflected fully in both the width and depth directions at a reduced
flow rate of 45 µL/hr, and focused to a single file in the outer bottom corner of the
microchannel (see (a3) and (b3) in Fig. 4-4), the farthest from the center of the magnet.
These experimental observations match the theoretical predictions qualitatively. A
quantitative study of the factors that affect the diamagnetic particle deflection in
ferrofluid microchannel flows is presented in the following section.

4.4.2. Evolution of Particle Deflection
To understand how the magnetic deflection evolves when particles approach and
move past the permanent magnet, this work studied 5 µm particle motions in 0.5 EMG
408 ferrofluid in a row of five observation windows along the channel length with
reference to the position of the magnet: 2.5 mm upstream (Window 1), right before
(Window 2), center (Window 3), right after (Window 4), and 2 mm downstream
(Window 5). The relative positions of these observation windows to the magnet can also
be read from the x-coordinate values in Fig. 4-5b. The magnet was placed 1.33 mm from
the microchannel, and this distance was fixed in the rest of the experiments presented
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below. Top-view images were taken to investigate the diamagnetic particle deflection in
the horizontal direction of the microchannel only.

(a)

Window 1

Window 2

Window 3

Window 4

Window 5

(b)
W. 1
W. 2
W. 3
W. 4

W. 5

Magnet

Fig. 4-5: Lengthwise evolution of the diamagnetic deflection of 5 µm particles in 0.5
EMG 408 ferrofluid at a flow rate of 480 µL/hr (equivalent to an average flow speed of
9.6 mm/s): top-view snapshot (top row) and superimposed (bottom row) images in five
consecutive observation windows along the channel length (a); comparison of the
experimentally measured (symbols) and theoretically predicted (curve) widths of the
particle stream along the floe direction (b). The relative positions of the five observation
windows (labeled as W.1-W.5) to the permanent magnet can be read from their xcoordinate values in (b).

Fig. 4-5a shows the top-view images in the five observation windows at a flow
rate of 480 µL/hr. One can see that particles follow the fluid flow in Window 1 without
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noticeable deviations, but acquire an apparent deflection in Window 2 when approaching
the magnet. This magnetic deflection grows continuously to about one half of the channel
width as particles move through the magnet region, which is clearly demonstrated by the
images from Windows 3 and 4. It vanishes when particles move into Window 5. This
trend can be explained by the axial variations of the magnetic force, Fm,z, as shown in Fig.
4-3. The data finds that the acquired diamagnetic particle deflection in Fig. 4-5a
(Window 5) is comparable to that in Fig. 4-4(a2) while at a much larger flow rate. This is
attributed to the stronger magnetic field and field gradients within the channel in the
former situation as a result of the smaller magnet-channel distance. A quantitative
comparison between the experimentally measured (symbols) and theoretical predicted
(curve) widths of the focused particle stream is shown in Fig. 4-5b. A good agreement is
obtained for the results in all five observation windows.

4.4.3. Effect of Flow Rate
As demonstrated in Fig. 4-4 (a2, a3, b2, b3), the diamagnetic particle deflection
diminishes with increasing flow rate. A more detailed study of this flow effect is given in
Fig. 4-6. Three flow rates (Q = 240, 480, and 960 µL/hr, symbols, see also the insets for
superimposed top-view images) were tested for 5 µm particle suspension in 0.5 EMG
408 ferrofluid, and the obtained widths of the particle streams in Window 5 (i.e., 2 mm
after the magnet, see Fig. 4-5) were compared to the theoretically predicted curve. This
work finds that particles can be fully deflected when the flow rate is 240 µL/hr or less,
and the eventual width of the particle stream can be reduced to the particle diameter in
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principle. This and as well the particle stream widths at 480 and 960 µL/hr are predicted
with good agreement by the analytical model. As indicated in Eq. 4-8, the particle
deflection (i.e., channel width minus the particle stream width) should be inversely
proportional to the flow rate if the fluid velocity is much greater than the axial
magnetophoretic particle velocity. This condition is fulfilled as the induced magnetic
velocity is on the order of 100 µm/s while the lowest flow velocity used in this
experiment is 4.8 mm/s (for 240 µL/hr). The relationship between the particle stream
width and the inverse of the flow rate is shown in the inset graph of Fig. 4-6, which is
indeed approximately linear as expected. The deviation is likely associated with the
three-dimensional magnetic deflection and the non-uniform fluid velocity over the
channel cross-section.
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Fig. 4-6: Flow rate effect on the horizontal deflection of 5 µm diamagnetic particles in
0.5 EMG 408 ferrofluid. The symbols represent the experimental data of particle stream
width measured from the corresponding top-view superimposed images. The curve is
obtained from the 3D analytical model. The inset graph shows the particle stream width
vs. the inverse of the flow rate.

4.4.4. Effect of Particle Size
Eq. 4-10 indicates that the induced magnetophoretic velocity is proportional to a
particle diameter squared. As a result, the magnetic deflection should be a quadratic
function of particle diameter if the fluid velocity is much greater than the axial
magnetophoretic particle velocity. In order to verify this size effect, this research tested
the magnetic deflection of diamagnetic particles of three different diameters, 2.2, 5 and
10 µm, in 0.5 EMG 408 ferrofluid at a flow rate of 480 µL/hr. Fig. 4-7 compares the
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experimental data (symbols and top-view snapshot images) with the theoretical curve for
the stream width of particles of different diameters 2 mm after the magnet. Note that the
horizontal axis is the particle diameter squared. For 2.2 µm and 5 µm particles, the
agreement is good and the particle stream width approximately scales with the square of
the particle diameter. For particles larger than 8 µm the model predicts a full-width
deflection and the stream width becomes equal to the particle diameter. This prediction is
also verified by the experimentally measured stream width of 10 µm particles as
presented in the inset image with all particles aligned on the channel sidewall.
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Fig. 4-7: Particle size effect on the magnetic deflection in 0.5 EMG 408 ferrofluid at a
flow rate of 480 µL/hr. The symbols represent the experimental data of particle stream
width measured from the corresponding top-view superimposed images (only snapshot
images are exhibited). The curve is obtained from the 3D analytical model.
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4.4.5. Effect of Ferrofluid Concentration
The volume concentration of magnetic nanoparticles, , affects the magnetization,
Mf, and viscosity, , of ferrofluids, both of which are involved in Eq. 4-10 for
magnetophoretic particle velocity. For simplicity this work neglects the magnetoviscous
effects[69] and treats  as a linear function of  via  = 103 + /60 (kg/m/s), which gives

 = 1.2, 1.1, and 1.05 (103 kg/m/s) for the original ( = 1.2%), 0.5 ( = 0.6%), and
0.25 ( = 0.3%) EMG 408 ferrofluids, respectively. As Mf scales linearly with  [see Eq.
4-2], which is to a greater extent than the according change in , the diamagnetic particle
deflection in ferrofluids is expected to be approximately proportional to . This analysis
is verified by Fig. 4-8, where the experimentally measured stream widths of 5 µm
particles in ferrofluids of the above three concentrations (symbols and the inset images)
closely match the theoretical prediction (curve).
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Fig. 4-8: Ferrofluid concentration (i.e., the volume fraction of magnetic nanoparticles)
effect on the diamagnetic deflection of 5 µm particles at a flow rate of 480 µL/hr. The
symbols represent the experimental data of particle stream width measured from the
corresponding top-view superimposed images. The curve is obtained from the 3D
analytical model.

4.5. Conclusions
This chapter performed a fundamental study of diamagnetic particle deflection in
ferrofluid flows through a rectangular microchannel. It is found that diamagnetic particles
can be deflected both outwards and downwards over the channel cross-section, forming a
focused particle stream flowing near the corner that is the farthest to the center of the
magnet and bears the smallest magnetic field. This three-dimensional deflection grows as
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particles approach and move past the magnet, where the effective range is within about a
2 mm distance before and after the magnet in the experiment. The eventual particle
deflection in the channel width direction was observed to increase with the decrease of
flow rate or the increase of ferrofluid concentration and particle size. This work also
developed a three-dimensional analytical model to understand and simulate the
diamagnetic particle deflection in ferrofluid flows. The theoretical predictions agree with
the experimental results quantitatively. It is anticipated that the demonstrated particle
deflection in the horizontal and vertical planes of the microchannel may be exploited to
realize a three-dimensional focusing of cells for microflow cytometry applications.
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CHAPTER 5 :

PARTICLE FOCUSING BY MAGNETOPHORETIC
METHOD

5.1. Background on Magnetic Focusing
As proven from the fundamental study for diamagnetic particle deflection using
negative magnetophoresis, the magnetic method is also found capable of supplying
sufficient deflection efficiency and accuracy. More importantly, the large throughput and
the continuous working mode just add another two important attributes to this processing
method. It is believed with minor adjustments to the microchannel designs that the
magnetophoresis phenomenon can be utilized to realize particle focusing and many other
advanced particle controls.
As mentioned in Chapter 3, numerous physics fields have been applied to achieve
particle focusing. Only recently has magnetic field been exploited to focus particles in
microfluidic devices. As compared to other techniques, magnetic method is non-invasive
and free of fluid heating issues (if permanent magnets are used) that accompany nearly all
other forces, and is therefore well suited to handle bioparticles [70],[71], [72]. Afshar et al. [73]
demonstrated a three-dimensional focusing of superparamagnetic particles by the use of a
pair of asymmetrically arranged electromagnetic tips. The magnetic particles are first
retained on one sidewall and then progressively released by lowering the current of an
electromagnetic coil. The particle focusing is then realized by introducing a sheath flow
to push the particles to the channel center.
The focusing of diamagnetic particles has been obtained in paramagnetic
solutions by Pamme‘s group [58], [74] and in ferrofluids by Mao‘s group[75]. In both cases
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two repulsive magnets are used to create a magnetic field gradient null in the center of the
microchannel that causes two difficulties in the operation. The first difficulty is to
overcome the repulsion force and place the two magnets close enough to produce a large
magnetic field with gradients in between. The second difficulty is to align the two
magnets and keep them symmetric about the microchannel for controlling the position of
the focused particle stream. To resolve these issues, Pamme‘s group

[74], [ 76 ]

used a

mechanical setup to precisely align two facing magnets for a fused silica capillary. This
method is unsuitable for integration into planar lab-on-a-chip devices. Zhu et al.

[75]

embedded two long magnets into PDMS for an on-chip focusing, but the distance
between them was 7 mm. The result is a poorly focused stream (about 100 µm wide) of 5
µm particles. Moreover, as the tested ferrofluid is opaque, fluorescent particles must be
used for visualization in the experiment [75].
In this chapter, works is presented on the development of a new approach to
three-dimensional focusing of nonmagnetic particles in ferrofluid microflow using only a
single permanent magnet. Since the magnet is embedded near the microchannel, the
ferrofluid can be sufficiently diluted, enabling a bright-field view of the focused particles
in both the horizontal and the vertical planes. As such, fluorescent labeling of the
suspended particles is not required. The effects of ferrofluid flow rate and particle size on
the particle focusing performance are examined.
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5.2. Experiment
Fig. 5-1a presents a picture of the microchannel used in this

experiment.

The T-shaped microchannel was fabricated in PDMS using a modified soft lithography
technique. A permanent magnet and a right-angle prism were embedded into PDMS and
placed close to the microchannel for an enhanced magnetic field and the side-viewing of
the particle motion, respectively. The microchannel consists of one 400 m wide mainbranch and two 200 m wide side-branches with a uniform depth of 40 m. Each branch
is 10 mm long. The neodymium (NdFeB) permanent magnet (B221, K&J Magnetics Inc.)
is 600 m away from the main-branch (edge to edge distance) and 3 mm from the sidebranch. It has a dimension of 1/8"1/8"1/16" (thick) with the magnetization direction
being perpendicular to the main-branch. The prism (N-BK7, Edmund Optics Inc.) is 500
m away from the main-branch and 1 mm behind the magnet along the flow direction.
Fluorescent polystyrene particles (Duke Scientiﬁc Corp.) of 5 and 10 m in
diameter were re-suspended in 0.01 EMG 408 ferrofluid (Ferrotec Corp.) to a final
concentration of 106107 particles/ml. The dilution was prepared by mixing the original
ferrofluid (1.2% in volume magnetic nanoparticles) with a water-glycerol solution at a
ratio of 1:99 in volume. The water-glycerol solution was prepared at the volume ratio of
7.8:2.2 in order to match the density of polystyrene particles (1.05 g/cm3). To drive the
particulate and sheath flows, two identical pipette tips were inserted into the PDMS slab
serving as the inlet reservoirs. The outlet reservoir was emptied prior to the experiment.
As labeled in Fig. 5-1a, the particle solution in ferrofluid was introduced to the inlet
reservoir closest to the magnet (i.e., on the same side as the magnet with respect to the
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main-branch). Meanwhile, an equal volume of water-glycerol solution (also 7.8:2.2 in
volume to closely match the viscosity and density of the particle-suspending ferrofluid)
was injected into the other inlet reservoir to obtain an identical flow rate in the two sidebranches.

(a)

(b)
Fig. 5-1: Picture of the microfluidic device used in the experiment (a), and schematic of
the magnet-microchannel system (b).
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5.3. Theory
5.3.1. Mechanism for diamagnetic particle focusing
Nonmagnetic particles experience a negative magnetophoretic force, Fm, in
ferrofluid when subjected to a non-uniform magnetic field, and for small particles this
force is given in Eq. 4-1:

Fm  Vp 0  M f   H

( Eq. 4-1 )

This force exists only when the particles are subjected to a magnetic field gradient and
the particle sizes are small enough so that the field gradient within the particle volume
can be neglected. In this analysis, particle self-magnetization and demagnetization effects
on the local magnetic field is neglected, since the particle susceptibility is small even
compared to that of the highly diluted ferrofluids, and it is taken as a diamagnetic
material.
Owing to the negative sign in Eq. 4-1, Fm is directed against the magnetic field
gradient. Therefore, nonmagnetic particles are repelled from the magnet (more
specifically, the magnet center where the magnetic field achieves the maximum) and
deflected across the ferrofluid in both the channel width and depth directions as indicated
by the horizontal and vertical components of Fm in Fig. 5-1b. Such three-dimensional
diamagnetic particle deflection was demonstrated in Chapter 3 in a ferrofluid flow
through a straight microchannel.
Since nonmagnetic particles experience a negligible magnetic force in water, the
ultimate position of those three-dimensionally deflected particles in the main-branch of
the T-microchannel is to follow the interface of the ferrofluid and sheath water in the
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horizontal plane and to flow directly above the bottom channel wall in the vertical plane.
This is achieved so long as sufficient residence time is available for particles to accept the
diamagnetic deflection inside the ferrofluid. As the 0.01× ferrofluid used in this
experiment has approximately the same density and viscosity as those of water (note that
both solutions were mixed with glycerol to obtain the desired density), an equal volume
of these two fluids in both inlet reservoirs is expected to produce a similar flow rate in the
two side-branches. As such, the interface between the two co-flowing fluids should align
with the center plane of the main-branch if diffusional mixing is considered slow and
neglected. In other words, nonmagnetic particles are expected to exit the main-branch of
the T-microchannel in a focused stream near the bottom edge of the center plane as
schematically illustrated in Fig. 5-1b.
The effectiveness of such three-dimensional diamagnetic particle focusing is
dependent on the particle deflections in both the horizontal and vertical planes, which are
determined by the ratios of the particle speeds perpendicular and parallel to the flow,

deflectioni 

U p ,i
U p, x



U m ,i
U f  U m, x



U m ,i
Uf

 i  y, z 

( Eq. 4-8 )

Balancing the magnetic force, Fm, in Eq. 4-1 with the Stokes drag force yields the
magnetophoretic particle velocity, Um ,

Um 

2
Fm
 0a 2 M d L   H

6af D
9 f D
H

( Eq. 4-10 )

where η is the ferrofluid viscosity, a is the radius of nonmagnetic particles, and fD is the
drag coefficient that is used to account for the particle-wall interactions. By neglecting
the contribution of magnetophoresis to the x-direction particle velocity [see the
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approximation in Eq. 4-8], one can see that the particle deflection and hence focusing
increase with the rise of nonmagnetic particle size and magnetic nanoparticle
concentration (i.e., the ferrofluid concentration) or with the reduction of ferrofluid speed.

5.3.2. Simulation of particle trajectory
Magnetic field was solved using an analytical model in Matlab® developed in
Chapter 3. Particle trajectory was determined using the Lagrangian particle tracking
method described in section 2.2.2. This occurred where evenly spaced particles at the
entrance were tracked from initial positions adding cumulative products of instantaneous
speed and time step and the local effective ferrofluid magnetization Mf was determined
using Langevin function Eq. 4-1, and the transient force was calculated using Eq. 4-1.
Due to the applicable limitation of cross-sectional velocity distribution in a rectangular
channel, the T-junction part and other channel turns were not used in the simulation.
Therefore, only the 10 mm long straight channel was used to predict the particle
trajectories, since the focusing only happens in this channel. Fig. 5-2 highlights the
simulation domain in the red box. And it was confirmed from the experimental
observation that, the T-junction effect was small and the flows will join and become fully
developed within 0.5 mm from the T-junction.
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Fig. 5-2: Simulation domain for particle trajectories

Particle stream was released from the bottom half of the main channel inlet.
Magnetophoretic phenomenon only applies to the bottom half of the channel, that is,
whenever a particle passes the centerline during the simulation, its traverse velocity in
channel width or depth direction will be assigned zero.
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5.4. Results and Discussion
5.4.1. Demonstration of three-dimensional diamagnetic particle focusing
Window I

Window II

Window III

Top view

(a)

Side view

200 µm

(b)

After magnet

Before magnet

Fig. 5-3: Illustration of three-dimensional focusing of 5 µm nonmagnetic particles in
ferrofluid flow through a T-microchannel using a single magnet: (a) top-view streak
images (fluorescent in the top row and bright-field in the bottom row) in the three viewwindows I, II and III (refer to Fig. 1(b) for the locations); (b) side-view streak images
before (left) and after (right) the magnet. The mean flow speed of the ferrofluid in the
side-branch is 0.5 mm/s. The dashed lines in (a) highlight the trapped magnetic
nanoparticles on the sidewall that is nearer to the magnet. The scale bar in (b) represents
200 µm. Simulated particle trajectories are shown below the experiment results.

Fig. 5-3 shows the top (a) and side-view (b) images of 5 µm nonmagnetic
particles at the T-junction (Window I), magnet center (Window II), and 3 mm after the
magnet (Window III) of the proposed ferromicrofluidic focuser (see Fig. 5-1b for the
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locations of the view windows). These images are obtained by superimposing a sequence
of more than 200 snapshots and are termed streak images below. The top-view results
include fluorescent (top row, with a weak background light illumination to visualize the
channel edges) and bright-field (bottom row) streak images, which both clearly illustrate
the particle motion. Therefore, fluorescent labeling is actually not needed for particles resuspended in the diluted ferrofluid. The mean flow speed of the ferrofluid is 0.5 mm/s in
the side-branch, and was estimated by tracking 3-5 particles each at five different
locations over the width of the side-branch in the straight section and then fitting the
measured particle speeds to the fluid velocity profile in a rectangular channel.
At the T-junction (see Window I in Fig. 5-3a), particles experience negligible
magnetic force and thus cover uniformly one half of the main branch without noticeable
deflections. When particles move past the magnet center (see Window II in Fig. 5-3a),
apparent deflection toward the channel center plane is observed. However, particles are
all confined by the sheath water and unable to cross the ferrofluid-water interface. A
significant amount of magnetic nanoparticles accumulates at the sidewall nearest to the
embedded magnet, as highlighted by the dashed-lines in the top-view images in Window
II. Moreover, the accumulated nanoparticles seem to disturb the ferrofluid/water co-flows
and shift their interface slightly away from the channel center plane. This phenomenon
can be mitigated by the use of a larger flow rate, where particle focusing can be
maintained by reducing the channel width. In addition, the instability of the
ferrofluid/water interface under a magnetic field[ 77 ] may contribute to the off-center
deviation of the focused particle stream as well. This issue will be investigated in future
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studies. At 3 mm after the magnet (see Window III in Fig. 5-3a), 5 µm particles are
focused to a less than 25 µm-wide stream flowing along the channel center plane. Note
that the particle stream is 200 µm wide before the magnet, indicating a more than 8-fold
focusing in the horizontal plane in terms of particle stream width.
Simulated particle trajectories are shown below the experiment results in Fig. 5-3,
which shows a good agreement with the experiment result at all three observation
windows. Compared to the entrance flow at Window I, it is confirmed that the two
streams join smoothly and become fully developed soon afterwards.
Side-view images were recorded through an embedded prism 1 mm before or
after the magnet along the flow direction. Only the fluorescent streak images are
illustrated in Fig. 5-3b. It is observed that before the magnet (Fig. 5-3b, left) 5 µm
particles disperse uniformly in the suspension and spread nearly the entire channel depth.
Moreover, they migrate through the microchannel at significantly non-uniform speeds,
implying that the particles were moving at different depth levels. In contrast, all the
particles travel adjacent to the bottom channel wall and form a tight bright stream after
the magnet (Fig. 5-3b, right). Furthermore, their travelling speeds become nearly
identical to each other, indicating a good particle focusing in the vertical plane.
Simulated particle trajectories at Window I and III for side-view are also included and
validate the focusing in the depth direction.
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5.4.2. Flow Rate Effect
By varying the injected ferrofluid and water volumes in the two inlet reservoirs,
this work examined the flow rate effect on diamagnetic particle focusing in the Tmicrochannel. Fig. 5-4a compares the snapshot (left column) and streak (right column)
images of 5 µm particles at the mean ferrofluid flow speed of 0.5 (top row), 1.0 (middle
row), and 2.0 (bottom row) mm/s, respectively. As predicted in Eq. 4-8, increasing the
ferrofluid flow speed reduces the particle focusing in the horizontal plane. Moreover, the
measured particle stream width scales almost linearly with the inverse of the flow speed
as demonstrated in Fig. 5-4b. This work also studied the 5 µm particle focusing in the
vertical plane. A complete deflection of particles to the bottom channel wall is observed
at all three flow speeds tested. This is because the deflection distance in the vertical plane
(the 40 µm channel depth) is much smaller than that in the horizontal plane (200 µm halfwidth of the main-branch).
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Fig. 5-4: Flow rate effect on the horizontal diamagnetic focusing of 5 µm particles in the
T-microchannel: (a) snapshot images (left column) and streak (right column) images
from Window III (see Fig. 1(b)) at the mean ferrofluid speed (in the side-branch) of 0.5
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(top row), 1.0 (middle row), and 2.0 (bottom row) mm/s, respectively; (b) measured
particle stream width (symbols) vs. the inverse of mean ferrofluid speed. The solid line in
(b) is a linear fit to the experimental data with the goodness of fit indicated.

5.4.3. Particle Size Effect
Fig. 5-5 compares the horizontal and vertical focusing of 5 (a) and 10 µm (b)
nonmagnetic particles in the T-microchannel through both the top and side-view images
obtained in Window III. The mean ferrofluid flow speed in the side-branch is 1.0 mm/s
for both cases. In the horizontal plane (see top view images in Fig. 5-5), 5 µm particles
form a stream approximately 100 µm wide [refer to Fig. 5-4b]. In contrast, 10 µm
particles travel through the main-branch nearly single file and form only a 20 µm wide
stream along the channel centerline. This observation agrees with the quadratic
dependence of magnetophoretic particle velocity on particle size as shown in Eq. 4-10. In
the vertical plane (see the side-view images in Fig. 5-5), however, both 5 and 10 µm
particles achieve a full-depth deflection and travel near the bottom channel wall. This is
consistent with the observation in studying the flow rate effect, and is attributed to the
much smaller channel depth than width.
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(a)

(b)

Side view

Top view

200 m

Fig. 5-5: Particle size effect on the horizontal (top view) and vertical (side view) focusing
of 5 (a) and 10 µm (b) nonmagnetic particles in the T-microchannel at the mean
ferrofluid flow speed of 1.0 mm/s. The top and bottom images in each panel are,
respectively, the snapshot and streak images in Window III (see Fig. 1(b)). The scale bar
in the top-right image represents 200 µm.

5.5. Conclusions
This chapter presented data that established a new magnetic approach to threedimensional focusing of nonmagnetic particles using ferromicrofluidics with a single
permanent magnet. This method maintained the advantages of low cost and large
throughput for magnetic methods, and used a single magnet that resolved operation
difficulties found in traditional magnetic focusing methods. Since ferrofluid is used to
generate the magnetic ―buoyant force,‖ magnetic labeling is not needed for the suspended
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particles. Moreover, as the magnet is embedded into PDMS and placed close enough to
the microchannel, the ferrofluid can be diluted sufficiently to enable a direct visualization
of the suspended particles in a bright field. As such, fluorescent labeling of particles is
not necessary. This demonstrated that diamagnetic particle focusing has near-term
applications to three-dimensional label-free (i.e., require neither magnetic nor fluorescent
labeling) cellular focusing in lab-on-a-chip devices.
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CHAPTER 6 :

PARTICLE SEPARATION BY MAGNETOPHORETIC
METHOD

6.1. Background on Magnetic Separation
Particle separation refers to isolating the different particle compositions from
well-mixed samples, based on the dissimilar reactions from physics/chemical properties
of each composition under the existing physical fields. Similar to the particle focusing,
plenty of methods have been attempted to attain the particle separation, including electric
[78], [79]

, acoustic [7], [80], and optical [11], [81] to name but a few. Yet, due to the non-invasive

and many other inherent advantages, the magnetic technique is deemed well suited to
handling biological particles [82], [71] and capable of obtaining the same control effect.
Actually, the magnetic technique has been utilized significantly to separate
magnetic from diamagnetic particles or cells, relying on the distinct opposite magnetic
responses of the two types of particles, namely positive and negative magnetophoresis.
Miltenyi et al.[83] developed a MACS (magnetic cell sorter) that diverts cell mixture
passing high gradient magnetic columns inside the microchannel, retaining the
magnetically labeled cells and driving unlabeled cells to pass. Following that, Kantor [84]
and Choi [85] presented similar methods to trap and separate magnetic particles/cells from
others, using improved design and bio-sampling techniques. However, one obvious
drawback of these methods is that the separation has to be conducted in a batch mode,
that is, unlabeled particles/cells need to be diverted and separated completely first, and
only then can magnetically labeled particles/cells be washed out after the field is removed.
This essentially limits the maneuverability of particle manipulation.
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Meanwhile, Inglis et al.

[86]

tried to trap magnetically labeled cells and alter their

directions of flow with an array of microfabricated magnetic strips, and bypass the nonmagnetically labeled cells, enabling continuous cell separation. Chalmers[87] designed two
flow-through immunomagnetic cell separation devices, which also enabled continuous
separation of magnetically labeled cells and unlabeled cells into multiple channel outlets.
Furthermore, Adams et al. combined the magnetic effect with the hydrodynamic effect [88]
or acoustic field

[ 89 ]

to enhance this magnetic and diamagnetic particle separation.

Nevertheless, one common defect of these MACS systems is that, in order to obtain
stable performances of the above methods, the throughput becomes a major sacrifice.
Until recently, Pamme et al.

[90]

presented a method to separate magnetic and

diamagnetic particles into multiple branches according to their different responding rate
on magnetophoresis. Zhu et al. [91] also introduced a magnetophoretic method to separate
the diamagnetic particles of two different sizes. However, both methods required the
input of sheath flow to pre-focus particle streams and with application of the
magnetophoretic separation on this already focused particle stream this inevitably limited
the throughput of the particle processing.
In this chapter, two types of separation scheme are introduced that utilize both
positive and negative magnetophoresis. In the first method, a similar principle from
previous MACS systems was adopted to trap magnetic particles with an external
magnetic field. In contrast to the former method, the second method performed a
continuous magnetic separation in ferrofluid at a relatively high flow rate, using the same
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channel structure as the first method. Moreover, the same T-shaped microchannel (Fig.
5-1a) was used in these particle separations.

6.2. Experiment
PDMS microchannel was fabricated and used in this experiment (Fig. 6-1). This
T-shaped microchannel was of the same geometry as the microchannel used in Chapter 4
that was 10 mm long in the straight main channel with another 10 mm long branch from
the junction to outlet reservoir. It was 200 and 400 m wide in the branch and main
channels, respectively with a height (h) of 40 m. The same neodymium (NdFeB)
permanent magnet (B221, K&J Magnetics, Inc.) was used in this work and was
positioned 500 m from the main channel, and 3 mm from the branch (edge to edge
distance), with the polarizing direction facing the main channel.
For this experiment, 3 m magnetic particles (Bang‘s Lab, Inc. USA) and 10 m
diamagnetic polystyrene particles (Scientiﬁc Corp. USA) were mixed and re-suspended
in two types of mediums: pure DI water and 0.1X diluted EMG 408 ferrofluids (Ferrotec
Corp. USA).
The particle solution was driven through the microchannel by an infusion syringe
pump (NE-300, New Era Pump Systems, Inc., NY), and Teflon tubing (1622L, Upchurch
Scientific) was used to connect the microchannel and the pump. During the experiment,
the fluids in the outlet reservoirs were emptied regularly to prevent buildup flow
resistance.
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Fig. 6-1: Experiment setup.

6.3. Theory
6.3.1. Mechanism of particle separation
In magnetic particle manipulation, magnetophoresis is a key phenomenon that
utilizes the difference of the magnetic properties and response between the particle and
surrounding medium. It is stated that for both positive and negative magnetophoresis, the
magnetic buoyancy force acting on the small particles can be given as[58]:





Fm  Vp 0  M p  M f    H

( Eq. 6-1 )

where Vp is the volume of the particle, µ0 = 4107 H/m is the permeability of free space,
Mp and Mf are the effective magnetization of the particle and ferrofluid, respectively, and
H is the magnetic field at the particle center. It is determined by the sign of the
subtraction of (Mp - Mf) that the magnetophoretic force is either pushing or repelling the
particle along the magnetic field increasing direction, namely positive or negative
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magnetophoresis. After expanding Eq. 6-1, it can be seen more clearly from the two
terms that the magnetophoretic force results from the magnetization of the particle and
the ferrofluild:

Fm  Vp 0  M p   H  Vp 0  M f   H

( Eq. 6-2 )

For positive magnetophoresis, the highly susceptible magnetic particle will
generate an opposing magnetic field in response to the external magnetic field. To
consider the particle self-demagnetization effect, the inside particle magnetic field Hin is
used to determine the magnetic particle magnetization Mp, rather than the applied
magnetic field at particle center H[66],[92]:

M p  x p Hin

( Eq. 6-3 )

where χp is the volume susceptibility, and Hin = H - Hdemag, and usually Hdemag = Mp / 3 is
the self-demagnetization field in the particle. Therefore,

H in 

H
1 xp 3

Mp 

xp
1  xp 3

( Eq. 6-4 )

H

( Eq. 6-5 )

After taking Mp and Hin back to Eq. 6-2, the calculations will obtain the magnetic force
for the magnetic particle in positive magnetophoresis:

Fm  Vp 0

xp
1  xp 3

 H    H  V p 0  M f    H

( Eq. 6-6 )

On the other side, for negative magnetophoresis, the diamagnetic particle is
considered as highly non-susceptible material so that its magnetization Mp is usually
negligible compared to the ferrofluid magnetization Mf. Therefore, for negative
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magnetophoresis, the first term in Eq. 6-2 can be dropped, leaving the magnetic force for
the diamagnetic particle as:

Fm  Vp 0  M f   H

( Eq. 4-1 )

For both cases, the fluid magnetization Mf is calculated using the Langevin
function and applied magnetic field at particle center H, in Eq. 4-2 and Eq. 4-3.
In this experiment, particle mixtures were introduced from the inlet tubing, and
particles entered the main channel randomly spaced throughout the channel cross-section.
It was proven that the flow was developed fully before any magnetic interactions were
performed. As the particle flow approached the magnet, a strong magnetic field and
gradient were experienced by the particles, giving rise to the particle magnetophoretic
motions. While flowing with the fluids in channel length direction, the particles would
endure the magnetophoretic forces along the magnetic polar direction across the
stream[91]. The magnetophoretic forces were different in nature and magnitude for unique
types of particles, resulting in two diverse particle streams.
Two sets of separation scheme were introduced in the experiment. In the former,
polystyrene and magnetic particles were suspended in DI water, which has volume
susceptibility on the same order of that of polystyrene particles (referred as diamagnetic
particles below). Both were deemed to be diamagnetic materials. In this case, no
significant magnetophoretic forces were applied to diamagnetic particles even those
exposed to strong magnetic field gradients. On the other hand, remarkable attraction
motions were observed for magnetic particles, as distinct differences existed between the
susceptibilities of DI water and magnetic particles. The attraction motion was too intense
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that even escalated to trapping phenomenon for magnetic particles under moderate flow
rates. The trapping phenomenon occurred in the channel section near the center of the
magnet. Below a certain flow rate, full trapping for magnetic particles was obtained,
while leaving the diamagnetic particle trajectories unaltered. In such cases, pure
diamagnetic particles in DI water solution were collected at both outlet reservoirs,
resulting in the separation using positive magnetophoresis (Fig. 6-2a).

Uf

Uf

(b)

(a)

Fig. 6-2: Mechanism for the particle separation: (a) particles are suspended in DI water;
(b) particles are suspended in 0.1X ferrofluid.

Fig. 6-2b demonstrates the mechanism for second separation scheme. The
magnetic and diamagnetic particles were suspended in 0.1X ferrofluid. For such
concentration of ferrofluids, it is sufficient to provide a susceptibility difference for the
diamagnetic particles, but still incompetence to balance the magnetic particles. In this
way, ferrofluids were diluted in a way that allowed the susceptibility to fall in between
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the diamagnetic and magnetic particles, giving rise to negative and positive
magnetophoretic phenomena simultaneously. Accordingly, as the particle stream
approached the magnet region, attraction and deflection motions were developed while
flowing in the main channel direction, forming two diverse particle streams moving along
both sides of the channel walls. With finely tuning the flow rate, full separation can be
achieved as magnetic particles flowing into the left branch and diamagnetic particles
repelled into the right branch.
In addition to the width-wise separation obtained in these two schemes, the depthwise behaviors of the particles were observed. As the magnet lie on the same vertical
plane with the channel bottom, the magnet center was in fact above the channel center
plane, resulting in magnetic field decreasing along the channel depth direction. Therefore,
magnetic particles would move towards the channel top plane favoring the magnetic field
increasing, and diamagnetic particles moved towards the channel bottom plane opposing
the magnetic field increasing. From the top-view of the microscope, these vertical
movements were distinguished by their change in clearness and fluorescence.

6.3.2. Simulation
Same method and channel from Chapter 4 was used for solving the magnetic field
and plotting the particle trajectories. Eq. 6-6 and Eq. 4-1 were used in the Lagrangian
particle tracking method described in section 2.2.2, for magnetic and diamagnetic
particles, respectively. Both types of particles were released from the main channel
entrance and trajectories were predicted by adding up the integration of transient velocity
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with respect to time. In this simulation, magnetic particle volume susceptibility χp =
0.0234 was interpolated from the magnetization data curve in high H field, provided by
the magnetic particle manufacturer [The magnetic field H inside the microchannel is
~O(105 A/m)].
Again, only the straight main channel was solved for magnetic field and particle
trajectories and the entrance and T-junction effect did not affect the main separation
inside the channel. The values used in the simulation are summarized in Table 2.
For each separation method, the flow rate required for separation needs to be
accurately determined based on the magnet, particle and flow properties. The attraction or
deflection rate of the particles exists in the ratio between particle velocity in main flow
direction Up,x (x direction is the flow direction) and particle velocity in transverse
directions Up,i:

deflectioni 

U p ,i
U p, x



U m ,i
U f  U m, x



U m ,i
Uf

 i  y, z 

( Eq. 4-8 )

In the case where magnetic-induced velocity in the main flow direction Um,x is trivial and
in contrast with the particle flow velocity Uf, this rate only depends on the ratio of the
magnetic-induced velocities in transverse directions and the flow velocity in Eq. 4-8.
The magnetophoretic particle velocity can be determined by balancing the
magnetic force, Fm with the Stokes drag force yields, Um = Fm / 6πηafD. The
magnetophoretic forces in Eq. 6-6 and Eq. 4-1 are approximately proportional to the
particle size cubic order a3, and the rate can be determined by varying the flow velocity
Uf, particle size a, and the magnetic field H as well as its gradient. Therefore when the
83

magnet position is fixed, the magnetic field strength and gradient will be determined, thus
reducing the flow velocity Uf or increasing the particle size a to enhance the separation
effect.

Table 2: List of the parameters used in the analytical model. Some of the parameters are
varied in the experiment, and their specific values are referred to the text.

Parameter

Magnet

Ferrofluid

Diamagnetic
particles
Magnetic
particles

Description
Value
Ms Residual magnetization
1.05106
xm Half length
3.175
ym Half height
3.175
zm Half thickness
1.588
Distance
between
the
L1 magnet and the main channel 500
edge
Distance
between
the
magnet
and
the
branch
3
L2
channel edge
Volume fraction of magnetic
1.20% for original
 nanoparticles
Saturation
moment
of
Md
4.379105
magnetic nanoparticles
Mean diameter of magnetic
d
10
nanoparticles
1.210-3 for original
 Dynamic viscosity

Unit
A/m
mm
mm
mm

a

Particle radius

µm

a

Particle radius
3
volume susceptibility of the
0.0234
magnetic particle
Main Channel width
400
Channel Height
40
Volume flow rate
150, 200, 230

χp

wc
Microchannel hc
Q

10
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µm

mm

A/m
Nm
Kg/m/s

µm

µm
µm
µL/hr

6.4. Results and Discussions
6.4.1. Threshold Separation in DI Water and 0.1X Ferrofluid
As demonstrated in previous sections, the flow rate plays a critical role in
determining the rate of separation for both methods. Large flow rates would not allow
sufficient residence time for the transverse particle motions. Particles can only be
partially attracted or deflected to the channel walls; while at some particular flow rate,
full attraction or deflection can be realized, with all particles forming single particle
streamline along the channel wall. When further reducing the flow rate, the attraction or
deflection trend can aggravate into trapping, if the particle is small in size and too weak
to escape from the magnetic and friction forces. However, if applied to ferrofluid particle
solution, this trapping always accompanies the local aggregation of the ferrofluid
nanoparticles thereby inducing non-uniformity in fluid viscosity, density and magnetic
properties.
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Window (1)
Window (4)

Window (3)

Window (2)

200 µm

(a)

(b)

(c)

Fig. 6-3: Deflection and separation: (a) complete separation in DI water at 150 μL/hr; (b)
partial passing through for magnetic particles in DI water at 200 μL/hr; (c)complete
trapping for magnetic particles in 0.1X ferrofluid at 200 μL/hr. Simulation results are also
included for each window sections, green and red lines represent magnetic and
diamagnetic particles, respectively. Simulated particle trajectories are shown along with
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the experiment results. Red and green lines denote magnetic and diamagnetic particle
trajectories, respectively.

Four observation windows were used during the experiment to study the evolution
process for separation at different channel sections. The four windows were chosen as: (1)
3 mm ahead of the magnet front edge where no noticeable magnetic behaviors were
displayed; (2) magnet center region, where magnetic field decays fastest along its crosschannel direction; (3) magnet rear edge; and (4) T-junction region where particle streams
diverge.
In Fig. 6-3, the attraction and trapping phenomena for 3 µm magnetic particles in
DI water were studied at several flow rates. The simulated particle trajectories also show
similar trend where red and green lines represent magnetic and diamagnetic particles,
respectively. It was found that at or below the flow rate of 150 µL/hr, full trapping for
magnetic particles was realized, which was equivalent to average flow speed of Uf = 2.6
mm/s in the main channel (Fig. 6-3a). As magnetic particles were smaller in size and
dimmer under the same camera exposure time, their trajectories were hard to identify for
fast traveling particles (see Window (1) at 150 µL/hr). When flowing near the magnet
center, Window (2), remarkable deceleration of magnetic particles was noticed indicating
strong opposing magnetophoretic force in the main flow direction. As particles gradually
slowed down and experienced the attracting magnetophoretic forces in width and depth
directions, they became fully captured by the attraction. Experiment were run for more
than 10 minutes and later magnetic particles also got trapped and formed a thin layer of
particles at the nearest channel wall to the magnet. On the contrary, diamagnetic particles
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hardly sensed any magnetophoretic force as they followed their initial positions with the
flow. In this way, two types of particles were separated by trapping magnetic particles at
the magnet center region using positive magnetophoresis. The critical flow rate required
for separation was 150 µL/hr.
Slight increasing of the flow rate would end full trapping of the magnetic particles
and those entering from the farthest end from the magnet would start to escape the
attraction. If flow rate gradually increases, more magnetic particles would progressively
exit from the left branch (see Fig. 6-3b). At the flow rate of 200 µL/hr, magnetic particles
were partially trapped and a considerable amount of the magnetic particles escaped and
exited from the left branch, while pure diamagnetic particles solution were collected from
the right branch thus reducing to partial separation.
However, at the same flow rate of 200 µL/hr, magnetic particles in 0.1 X
ferrofluid solutions were still held at the magnet center region, similar to the trapping that
happened in DI water at 150 µL/hr. This over-critical-point trapping resulted from the
local aggregation of ferrofluid nanoparticles. Even though no apparent fluid color change
was noticed[ 93 ],[ 94 ], the miniature ferrofluid nanoparticles still tended to migrate and
accumulate in a small scale, and interacted with the incoming attracted magnetic particles,
making it more difficult for magnetic particles to escape. As in Fig. 6-3c, full trapping for
magnetic particles was achieved at 200 µL/hr, meanwhile all diamagnetic particles were
fully or over deflected to the other side of the channel. This suggested that the critical
flow rate required for full trapping of magnetic particles in 0.1 X ferrofluid solutions is
higher than that for magnetic particles in DI water, and it is anticipated that the separation
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utilizing both positive and negative magnetophoresis will work for a range of flow rates
even larger than 200 µL/hr.
It was found that the deflection of the diamagnetic particle in 0.1 X ferrofluid was
under-predicted by the simulation results compared to the experimental observation (Fig.
6-3). This was caused by the local aggregation of the ferrofluid nano-particles at the
magnet side. This aggregation occupied certain space inside the microchannel and
squeezed the flow to pass through a reduced cross-section. This in-channel accumulation
of magnetic materials would also have certain effects on the diamagnetic particles, in
other words enhanced deflection. However, such local aggregation is by far not able to be
predicted using our current analytical simulation and this reduced the deviation in the
deflection effects.

6.4.2. Flow Rate Effect on Ferrofluid Separation
As proved earlier for 0.1X ferrofluid solution, the separation can be achieved by
completely trapping the magnetic particles and fully deflecting the diamagnetic particles
to one branch at 200 µL/hr. This proves the possibility for continuous separation at even
higher flow rates by further increasing the flow rate until the magnetic or diamagnetic
particle stream covers more than half of the channel width.
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Window (1)
Window (4)

Window (3)

Window (2)

200 µm

(a)

(b)

(c)

Fig. 6-4: Separation performance in different flow rates for 0.1X ferrofluid solution: (a)
complete trapping for magnetic particles, 200 μL/hr; (b) continuous separation 230 μL/hr;
(c) mixed separation 300 μL/hr. Simulation results are also included for each window
sections, green and red lines represent magnetic and diamagnetic particles, respectively.
Simulated particle trajectories are shown along with the experiment results. Red and
green lines denote magnetic and diamagnetic particle trajectories, respectively.
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Fig. 6-4 demonstrates this separation scheme and compares the separation rate at
three different flow velocities. As described earlier, at a flow rate of 200 µL/hr, magnetic
particles were fully trapped at the magnet center while diamagnetic particles were
deflected to the other side, enabling separation by collecting only one type of particles at
one outlet reservoir (see Fig. 6-4a).
By increasing the flow rate to 230 µL/hr, the optimal separation was obtained
with the two particle streams sharing each half of the channel. At Window (1), particle
trajectories were still unaffected by any magnetic forces. When moving to magnet front
edge region, Window (2), similar magnetophoretic motions were observed for magnetic
and diamagnetic particles as measured at 200 µL/hr. However, the buildup of magnetic
particles was worse than what was found at 200 µL/hr as the amount of particles
processed increased. At the magnet center of Window (3), the magnetophoretic
phenomena for both magnetic and diamagnetic particles were still being developed at this
flow rate and the tilted angles to the main flow direction were easy to read. Under such
circumstances, the partial trapping for magnetic particles aggravated as more particles
were entering the channel, hence more magnetic particles became trapped and held up a
great amount of channel space that in turn helped enrich the local accumulation of
ferrofluid nanoparticles, which restrained the escape of magnetic particle. When particle
streams reached the junction area, Window (4), they each cover roughly half of the
channel. In this sense, two types of particles were collected separately at different outlet
reservoirs, enabling the particle separation using the both positive and negative
magnetophoresis. It was determined that 230 µL/hr was the maximum flow rate for
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particle streams to cover half without any overlapping. From 200 µL/hr, magnetic
particles started to exit from the left branch when increasing the flow rate, gradually more
magnetic particles could be collected from left branch with diamagnetic particle stream
widening but limited to the right half. Consequently this separation utilizing both positive
and negative magnetophoresis worked in a range from 200 µL/hr to 230 µL/hr.
Simulation results agreed with experimental ones for most cases, except that at
230µL/hr, the two streams were not separated exactly at the microchannel centerline.
This was again caused by the local aggregation of ferrofluid nano-particles at the magnet
side that slightly diverted the flow towards the right side of the microchannel, therefore
the separation point tended to move to the right side.
The experiment was run for more than 10 minutes, and a 2-minute video was
taken at each outlet reservoir. Fig. 6-5 shows the superimposed images of these two
reservoirs at consecutive time frames with a flow rate of 230 µL/hr, and it proves that this
optimal separation can remain steady with impurities passing.

(a)

(b)

Fig. 6-5: Superimposed images for (a) left reservoir and (b) right reservoir at different time
frames, flow rate is 230 µL/hr.
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Further increasing the flow rate would cause overlapping of the two particle
streams, since the deflection or attraction weakened as the flow rate increases, leaving
one or both types of particles hard to retain its (or their) particle stream(s) in its (or their)
own half. As in Fig 4(c), at 300 µL/hr, particles were less deflected or attracted at both
magnet front edge and center regions, which suggested weaker magnetophoretic effects
on these two particles. Meanwhile, at the magnet center region, less magnetic particles
built as stronger flow flushed away the majority of the trapped particles. By the end of
the straight section, Window (4), both particle streams were found covering more than
half of the channel, therefore particles remained mixed at both outlet reservoirs and
determined that the separation would fail at any flow rate larger than 230 µL/hr.

6.5. Conclusions
In this chapter, the magnetophoresis phenomenon was applied to achieve particle
separation through the same T-shaped microchannel used earlier as a focusing device.
The separation results from the deflections of two distinct magnetophoretic reactions of
the particles towards individual directions of the flow. These deflections, predicted from
the fundamental results, will grow with increasing particle size and decreasing flow rate.
This holds true for both positive and negative magnetophoresis. Particularly, for this
separation experiment, the flow rate needs to be carefully adjusted, since at certain small
rates the trapping of magnetic particles will happen and continuous separation is
unattainable.
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Compared to the conventional MACS that either have to work in a batch mode or
operate with low throughput for full trapping of magnetic particles has to be obtained,
this second separation scheme made use of both positive and negative magnetophoresis
by diverting two types of particles into different flow directions, and the trapping for
magnetic particles was enhanced by the aggregation of ferrofluid nanoparticles.
Therefore, this continuous separation method can work with a higher flow rate, thus
increasing the throughput of the samples.
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CHAPTER 7 :

This

thesis

investigated

Conclusion and Future Work

the

particle

motions

in

electrophoresis

and

magnetophoresis. These are two major aspects of microfluidic experiments, and extend
from the fundamental observations and parametric studies to develop effective
microfluidic devices that achieve particle focusing and particle separation with
improvement from conventional methods. For each of the two methods, the particle
motions were first studied using a simple rectangular straight microchannel. Based on the
theoretical equations for the driving forces, the individual effect of every single key
parameter was tested by holding other parameters fixed in values towards an optimized
deflection rates. The observed variations of deflection rates according to these key
parameters served a reliable foundation for the particle manipulation device design in the
next step. Cooperated with the conventional manipulation methods in particle focusing
and separation, this work fully explored the particle deflection in electrophoresis and
magnetophoresis discovered earlier to establish new manipulation methods to resolve
operation issues encountered in previous methods. More specifically, the conclusion and
contribution of each chapter are summarized in the following text.
In Chapter 2, fundamental research of the particle electrophoresis in confined
regions was performed, which showed a dielectrophoresis-resembled phenomenon on a
particle while the particle flowed parallel to the microchannel wall. Both the
experimental observation and simulated results confirmed that, the deflection rate
increased with increasing particle size a and increasing electric field strength E. This
electrophoretic deflection, different from conventional dielectrophoresis, can simply
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works in a uniform microchannel without any changes in the geometry and it is
envisioned that minor adjustments to the geometry will grant this device even more
manipulation capabilities.
In Chapter 3, the electrophoretic deflection and related controlling effects were
extended to both the microchannel width and depth directions. Initially randomly placed
neutrally-buoyant particles were focused into a single file particle stream, exiting through
the centerline of the microchannel. The same trend was detected for the focusing rates
with respect to the particle size a and the electric field strength E. The obtained particle
focusing can be recognized through optical detection, enabling an easy approach for
cytometry applications. Additionally, the focusing in the depth direction prevents particle
deposition and adhesion to bottom wall.
In Chapter 4, a fundamental experiment for particle magnetophoresis was
conducted in a rectangular straight microchannel, demonstrating that under magnetic
field gradients, particle deflection can be realized whenever differences exist in the
magnetization capabilities between the particle and surrounding fluids. This magnetic
approach enables a fast-processing and bio-compatible operation for clinical and other
uses. Furthermore, an analytical model was developed to validate the particle deflection
in ferrofluids. This 3D model was used to predict the critical flow rates for the particle
focusing and separation in later experiments.
In Chapter 5, magnetophoresis was applied to establish a new particle focusing
method. This method made use of the diamagnetic deflection and sheath flow in the side
branch. This method only added a simple T-junction structure to the straight
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microchannel, without any significant change to the fabrication complexity. Besides, the
support of the sheath flow allowed this device to use only a single embedded magnet.
Compared to a pair of repulsive magnets used in the conventional approach, the single
magnet is easily embedded in the PDMS prior to the curing process of the fabrication.
Moreover, with a single magnet, the magnet to microchannel distance is also
conveniently adjustable without consideration of the minimum possible distance between
repulsive magnets, which might cause distortion in the PDMS when the liquid PDMS is
still soft during the cure.
In Chapter 6, the same T-shaped microchannel was used to achieve particle
separation. The use of the same microchannel reflected a significant advantage of the
microfluidic devices for being multi-functional. The separation was also based on the
fundamental deflection, for both positive and negative magnetophoresis. The continuous
working mode enables this separation device to surpass traditional MACS in both ease of
operation and processing throughput.
To conclude, the electrokinetic methods are still the most well-studied
microfluidic phenomenon, and also provide effective control of particles. The particle
motions can be comprehensively explained by the developed theories. Therefore, the
electrokinetic method will remain the mainstream manipulation method, while a future
goal will be to design new microchannel systems that eventually reduce the energy input
by utilizing the microchannel geometries and particle/medium properties. On the other
hand, magnetic methods need to be fully studied regarding the ferrofluid nanoparticle and
micro-particle/cell interactions, as these subtle phenomena may play an important role in
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magnetic operations of the micro-scale magnetophoretic motion. Theoretical work has
been published on magnetic behaviors and ferrofluid properties; hence, near future work
is to develop a numerical model that integrates ferrofluid concentration variation
response into a current flow and magnetic field solving model. Furthermore, the
reliability and precision of the magnetic method also needs to be improved to provide
robust performance. Interestingly, the study of combined electrokinetic and magnetic
methods may provide a possible novel technology taking the advantages of both methods
and with the two fields working together, Lorentz forces would emerge. As this force
already directs the particle in the direction normal to both magnetic-induced and
electrokinetic-driven directions, it can be envisioned that a three-dimensional operation
can easily be realized using this combined method.
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APPENDICES
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Appendix A. Microchannel Fabrication
The channel geometry was designed in AutoCAD, and printed onto a thin
transparent film that later served as a negative photomask. Photoresist (SU-8 25,
MicroChem Corp, Newton, MA) was dispensed onto a glass slide by spin-coating (WS400E-NPP-Lite, Laurell Technologies, North Wales, PA), which yielded a uniform
thickness of 25 µm. The slide was then subjected to a two-step soft bake at 65 ºC and 95
ºC, respectively, to evaporate the solvent and densify the resist film. Following that, the
resist was covered by the photomask for near UV light exposure (ABM Inc., San Jose,
CA). After a two-step post-exposure bake at 65 ºC and 95 ºC, the photoresist was
developed in SU-8 developer forming the positive mold of the designed microchannel for
PDMS casting.
The channel mold was put into a petri dish and covered with liquid PDMS
(Dow Corning Corp., Midland, USA). After being degassed in an isotemp vacuum oven
(13-262-280A, Fisher Scientific, Fair Lawn, NJ) for 30 minutes, the liquid PDMS was
cured in a gravity convection oven (13-246-506GA, Fisher Scientific, Fair Lawn, NJ) at
70ºC for 2 hours. Once cured, the PDMS with the channel portion was cut out, and placed
onto a clean glass slide with the channel side facing down. Two 5 mm-diameter through
holes were then punched in the predesigned regions for reservoirs. Subsequently, the
channel side of the PDMS slab was plasma-treated (PDC-32G, Harrick Scientific,
Ossining, NY) along with another clean glass slide for 1 minute. Immediately following
that, the two treated surfaces were bonded to form the microchannel.
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Appendix B. Particle Visualization
Particle motion was visualized and recorded using an inverted microscope (Nikon
Eclipse TE2000U, Nikon Instruments, Lewisville, TX) equipped with a CCD camera
(Nikon DS-Qi1Mc). The obtained images were then processed using the Nikon imaging
software (NIS-Elements AR 2.30).
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